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ABSTRACY

This Report describes the current best estimate of the Ranger VI
spacecraft flight path and the way in which it was determined. Deep
Space Instrumentation Facility tracking of the spacecraft was virtu-
ally continuous from injection to lunar impact. Postflight analysis of
the tracking data resulted in valuable determinations of the masses
of the Earth and the Moon, tracking station locations, lunar ephemeris
scale factor, and a lunar radius to the Ranger VI impact point, which 3
is 3 km less than the previously accepted value. The impact location 1
of Ranger VI is known to within 1.2 km on the surface of the Moon. '

L. INTRODUCTION

This Report describes the current best estimate of the
Ranger VI spacecraft flight path and the way in which it
was determined. Deep Space Instrumentation Facility
(DSIF) tracking of the spacecraft was virtually coatinu-
ous from injection to lunar impact. Postflight analysis of
the tracking data resulted in valuable determinations
of the masses of the Earth and the Moon, tracking station
locations, lunar ephemeris scale factor, and radius of the
Moon to the Ranger VI impact point. The impact location
of Ranger VI is known to within 1.2 km, using che stand-
ard deviation as a measure of uncertainties.

The primary objective of the Ranger Block 111 (Renger
8 through 9) flights is to obtuin TV pictures of the lunar
surface which will be of benefit to both the scientific
program and the . S. manned lunar flight program. The
Ranger VI spacecraft, which was launched from Cape

JPL TECHRI!CAL REPORT NO. 32-603

Kennedy on Janvary 30, 1964, and 65 hr 35 min later
impacted the Moon on target, did not accomplish its
primary objective due to a failure of the TV subsystem.
However, the capabilities of Earth-based radio guidance
were dramatically demonstrated by this mission, and the
postflight analysis provided significant information in
the determination of the physical constants mentioned
above.

During the launch phase the Atlas and Agena stages
performed within tolerance and injected the spacecraft
on a lunar Byby trajectory with a miss distance of approxi-
mately 800 km. The Sca of Tranquillity was selected as
the general area of impact, since it was the most favor-
able location for the prevailing lunar surface lighting
conditions. Sixteen hours after launch & near perfect mid-
course mancuver was executed. The resultant impact
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point was only 30 km from the chosen target area center.
This difference is well within the bound expected and is
a combination of the uncertainties in the orbit at the time
the desired maneuver was determined plus the tolerances
of the spacecraft guidance hardware.

Section 11 of this Report describes the DSIF tran-
sponder orbit determination. Comparisons are made
among determinations based on premaneuver tracking
only, postmancuver tracking only, and combined esti-
mates based on premancuver and postmaneuver track-
ing. Solutions for the masses of the Earth and the
Moon, lunar ephemeris scale factor, and tracking station
locations are compared to determinations based upon
the Mariner 11 (Venus) and previous Ranger missions, The
determination of the lunar radius at the Ranger VI impact
point is also presented.

Section 11 discusses the operational considerations as-
sociated with the midcourse maneuver policy and the
execution of the maneuver. The postflight evaluation de-
scribed in this section shows that the response of the

spacecraft to the maneuver turn and velocity increment
commands was well within e;pected tolerances.

-Section 1V summarizes the key events in the DSIF
tracking of the Ranger VI mission and gives a general
description of the DSIF stations and tracking modes. The
determination of the lunar radius at the Ranger VI impact
point is a direct function of the “recorded™ time of im-
pact. The recordings of this event time as measured by
the DSIF Goldstone tracking stations are presented and
discussed.

Section V describes the Eastern Test Range (ETR)
tracking of the Auema launch vehicle. The ETR orbit
analyvsis is divided into three parts: (1) the parking orbit;
(2} *he postinjection but preretrorocket phases, during
which the spacecraft was still attached to the Agena; and
(3) the postretrorocket orbit of the Agena.

Section VI describes the Ranger VI orbit in teyms of its
trajectory parameters near the Earth, in translunar flight,
and near the Moon.

Il. ANALYSIS OF DSIF TRANSPONDER TRACKING DATA

A. Introduction .

This Section has a step by step development of the
significant results obtained from tracking data. The re-
sults are presented in blocks such as premancuver data
only, postmancuver data only, postmaneuver data with
premancuver data as a priority: with the lunar constraint
applicd. Al solutions are over periads of free flight and a
discontinnity resufts at the mancuver epoch. With this
approach the cffects and information of various data
hlocks can be seen as the target erroe statistics change
and scttle to their final value when all the data is in-
cluded. The various blocks are consistent within them.

sclves and with cach other.

B. Summaoary of the Data Used in Orbit
Defermination

The complete sequence of tracking events and ground
tracking modes is described in Section IV, Fig. 1 gives
an overall picture of the data for cach station as to their
time and place in the orbit. Table 1 summarizes the
duta used in the orbit caleulations both for real-time and
pstflight analvsis. It is a gross performance record of
the data taking and handling system. Column 3 gives the
total number of data points taken at each station. The edit-
ing of the data resulted in the actual number of points
useed in real time and postflight analysis, shown in col-
umns 4 and 10, respectively. The postflight data were
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Fig. 1. Ranger Vi tracking station view periods and date coveroge
Table 1. Summary of data vsed to determine erbit
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rocoived) 1 1] recoived) 0 "“'“',"' """‘m stotion tapes”
) “* e
Promidcovrse manevver
1} 2-woy deppler 158 140 ! 3 3 3 Ol cps "w
3N 0.6 " [\E?] (L2 ]
4 2-woy doppler 190 34 s 11 20 ” O.lepe 10
70.5 e {1008 (10.9) (L]
HA, Dec 426 3 s 7] “ 4 0.1 dog -
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obtained from paper tapes punched at the station and
mailed to the Jet Propulsion Laboratory (JPL).

Of particular interest is the number and percentage of
data sets rejected for bad format and “blunder points.”
No attempt is made in real time to unscramble data mes-
sages containing format errors. Blunder points can create
significant problems in converging on an orbit when very
few data are available and hence are important in influ-
encing the time required to establish the first estimate
of the orhit The number and percentage of points omitted
because of “bad data conditions™ are listed in column 7.
\When the tracking station operators or automatic detec-
tors recognized that the data being transmitted would
not be usable, the data condition codeword indicated
the condition. These conditions occurred when retuning
the ground transmitter to maximize the signal received
at the spacecraft when commands were being sent, dur-
ing the acquisition phase, and during known equipment

" malfunction periods.

Another source of data loss is the continuous ccunter
which causes an adjacent point to be lost if the previous
count was in error by bad format, data condition code,
or, if it was a counter restart (column 8). This loss does
not occur often enough to lose many data, and it does not
warrant relinquishing the benefits of continuous count
data (i.e., data compression explained in Appendix A).

Once the data are edited, they are weighted. This
weighting is an eflective variance weight rather than
just a variance on the data themselves. Various error
contributors are considered and a summation of variances
is made. The assumed error sources for the data types
used during the mission and the contribution to the total

Toble 2. Approximate doppler weights®

Promidcourse Postenidcovne
$e- | weight | Nem- Appor- Weight | Number | Apparent
Hom | iuncor- | borot [0 | (oncorre- of | dute noice,”
related}| points m' lated) poianh e
12 0.2 137 o0.on 0.08S8 1190 0013
43 0.09 140 0.012 0.14-0.19 408 003008
1] 0.40 n 0.07s 0.130.20 [ 0.03-0.08

st | 0v0 34 0032

“For onoct woights, :0o Aspendion 8, G ond N.
®Al paish o of 60-00t sompie watens otherwies siutedy | e = 0.304 m/me.

weight from each of the error sources are shown in
Appendix B. The data types discussed are coherent two-
way doppler (CC3) and angies {local hour angle (HA)
and declination (Dec) used in real-time orbits].

The approximate weights for the two-way doppler—
since they vary with count time, range, elevation angle
and elevation angle rate—are displayed in Table 2 along
with the number of points used and the visible data noise.

C. Premaneuver Orbit Based on Premaneuver
Trocking Only

Table 3. columns 1 through 5, gives the statistics of
the data fit to the calculated orbit, and Figs. 2 through 7
show the actual data point residuals (i.e., the observed
data minus the calculated data). Only doppler data were
used in the orbit calculations because the antennas under-
went modifications before and « fter Ranger VI, and biases
of unknown magnitude exist in the angular data. How-
ever, the angular residuals are shown and are extremely
helpful in real-time orbit determination, especially when
there are data from only one station. Note that there is
a consistency between the doppler and that there are no
biases. This noise level is on the order of 0.005 m/sec.

Table 3. Stotistics on premidcourse moneuver dote

Number| No @ prierity from postmanevver '“.IM"'.
Shatien of Srendord Sronderd
doppier Moan, | . | JUNE Moon,
points deovietion, ey ), ey
[ i [ o
o} ) 3 (L] (s) (e wm
1} 24 0.022 |0.0050 | Dote below 0.02¢ | —0.00)9]
17 deg, net
oids
110 | 0020 |[0.0014 | Derachore | 0020 |—0.0022]
17 deg. not
rubidiom
4% 140 0.012 |0.0008 | Dete cheve 0012 }-—0.0027
17 dog
F i) 21 0075 ]0.0042 | Puss Ne. } 0.078 0011
abeve 17
dog, 3-00¢
count
43 0019 ]0.0003 | Pess Me. 2 0.018 0.0081
below
. 17 dog
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cbove
17 dog
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bolow
17 dog

*17 dog wms chosen o1 @ point shove which waceriainty in evmesphorit siloch
wenld be negligibie. Bubidivm d ore ioble of Swetien 13, Bwmtions 41
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Station 51 (Johannesburg, S. A.) residuals display the
cffect of the transmitter stability as a function of time
(i.e., the longer the signal travel time the larger the data
noise, Figs. 5 through 7). Also, the early Station 51
data are noisier since the quantizing error is dominant
at the higher sample rate of 1/5 sec required because
of high accelerations.

Table 4, columns 1 through 7, displays the vector of
parameters that were estimated, the a priori information
and the statistics on the parameters when only premaneu-

D T e e ————- s e e et At o e

ver data were used. The estimated parameters are the
Cartcsian space-fixed components of position (X,Y,Z)
and velocity (DX,DY,DZ), GMuunn (GMg), CMieee
(GM ¢ ), the scale factor for the lunar ephemeris (REM),
a solar pressure constant pertaining to the effective co-
efficient for reflection of solar radiation (CB), and the
tracking station coordinates (radius, latitude, and longi-
tude). This Table, like 30 many others used throughout
this Report, is described as the Report progresses. Note
the large a priori uncertainties on all parameters. This
shows that in the final solution the tracking data were
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the sole contributors to the strong solutions. The station
radius, latitude, and longitude are in an unnatural coordi-
nate system. A more natural one is the X,, X,, X, system
where X, is along the Earth spin axis and X,, X; are
parallel to the equatorial plane with X, in the station
meridian and X, completing the orthogonal system. For
this X,.X..X, system a l-o a priority of 500, 500, and
100 1, respectively, was used and then rotated into the
radius, latitude, longitude system for input into the pro-
gram. The 100 m used on X, was used to keep X, within
its known bounds, for this is one parameter that cannot
be estimated from the data. The uncertainty on X, X, X,
is transformed into the radins, latitude, and longitude

system by

where ¢ = the station geocentric latitude; R = the station
geocentric radius. In parentheses next to the input a pri-
ority in Table 4 is the accepted realistic uncertainty in
these parameters. The statistics are displayed at injection
epoch, maneuver epoch, and lunar closest approach. The
most significant result here is the solution for CM  and,
of course, the probe’s position and velocity. Position at
injection is known to within 0.5 ki and velocity to within
0.5 m/sec. Note that at maneuver epoch the velocity
uncertainty has decreased. This is because the spacecraft
is moving slowly (1.5 km/sec) at maneuver epoch com-
pared to its moving fast at injection (11 km.sec). The
correlation matrices, both in space-fixed Cartesian and

B ~-Rsing I ~Rsin ¢ qr
cosé TToe579 0 cos$ 57295779 0
025" = o}, 0 0 ,
Rcos¢ Rcos¢
—_— 0 025=" = 0 —_—
° °  Siewmme i 0 0 57295779
Rcos¢ 0 0 001" = o} _Roos¢
st sTmsr O sind  Zowre °
= input a priori covariance for a tracking station
Table 7. Values of estimated porameters of moneuver epech®
R ” . | Pestm S with [P wie | g
estiomated Units Neminels #e @ prievity fram | ne @ prievity 'n- @ priecity from @ priority from .ﬂ“
m o Y Y T ) Y "
x = - — 169638.82 — 169642.14 ~ 169640 40 ~ 169629.00 — 169640.40
v (. _— — 29281280 — 29209936 ~2928.6339 — 2928.4060 — 9184773
z tm - —10683.048 ~ 10671.608 ~ 10676.441 ~ 10676.529 - 10676.566
ox -/sec - — 18457682 —1007.8626" - 1907.8720" ~1845.1474" — 1907 4734
or e, - — 404.16339 —393.24578 —295.22410 — 404.169%08 - 200
oz Ry - 85.245439 100.46492 100.45232 05313467 10045343
CMmg, ‘o' sec 398603.20 398603.04 39860375 79860063 29860073 390400.61
GMg km/sec’ 027779 4902.7441 4902.6332 4902.629) 4902.6604 4020182
M tn 631783254 783254 LN 43783093 6373.3009 NN
G - s 0.3988 0.4043 0.3048 om 03000
Soation 12
Sesies = 3720164 63718049 Qr1Ler? 43718770 Qarnerre an.er
Latitude dog 35116540 35.117368 15.117409 35.117400 35.117402 35.117400
Longitvde dog 2431959 243.19508 242.19463 24200428 242.19438 24119423
Seation 41
Sodive 'm 43724076 3727126 63728432 $372.4040 Qarene 63724042
Lattede doy —31.21260 ~JLamean ~ 32164 —n.amers -394 —31.2108
tongitude dog 136.80017 136.80050 12400778 160077 130.00700 1300072
Shation .
Qndies "= 6375.390) 6373.5232 6175.4930 $373.4900 4375490 CX73.000¢
Latitvde oy —25.73074) — 25738062 — 23739014 —2573277 — 2573940 — 237308
Longitvde - dog 27.488508 7.485406 27483576 27.08518) veasne 70885129
-mw-.uvmmommﬂ 1964,
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Earth-fixed spherical coordinates, are shown in Table §
(at injection epoch) and Table 6 (at maneuver epoch).
Note the correlations in longitudes and in Y. The smallest
eigenvalue of the position covariance matrix at maneuver
epoch is approximately along the X axis, the next largest
cigenvalue along the Y, and the largest along Z. This is
because the spacecraft orbit plane is almost coincident
with the X-Y plane and the direction of motion lies close
to the X axis (i.e., Table 7) and in the direction of doppler
measurements, whereas 7 is normal to the doppler meas-
urements and not as casily determined. Table 7, column
4. shows the parameter solution.

NSMAA BOTH
PREMANEUVER AND
POSTMANEUVER
ORBIT

S ASYMPTOTE
=y AXIS

® VECTOR FOR POST-
MANEUVER ORBIT

o T m?¥ AXIS

® VECTOR FOR
PREMANEUVER
oRaIT

v

~

Fig. 8. Rough opproximation of coordinate
system relationship

At closest approach the statistics are mapped into the
B plane system (Appendix C). The semimajor axis (SMAA)
and semiminor axis (SMIA) (Appendix I) are the square
roots of the cigenvalues of the covariance matrix in the
B plane, and DEL T is the uncertainty in linearized flight
time or the third dimension normal to the B plane along
the incoming asymptote (Table 8). Figure 8 is a rough
approximation of the coordinate system relationship,
where Z in the space-fixed Cartesian system is approxi-
matcly along the B+R direction.

Table 9 shows the consistency in the orbit estimates
when data from various stations were used. The esti-
mate differences are well within the associated uncer-
taintics, and the data fit is about the same in all cases.
This consistency was weaker, however, in real-time
processing of the data. Small biases were evident and
postflight investigation uncovered: (1) an 8 msec timing
bias at Station 41 which was verified by telemetry—the
station acknowledped that the wrong delay time had
been used when synchronizing with WWYV in Hawail
(Fig. 9); (2) a wrong transmitter frequency reported in
real time on early data to Station 51; and (3) the biased
angular data, in turn, biased the doppler (Figs. 10 and 11
which are comparable to Figs. 3 and 5). The Station 51
frequency was recorded only at regular intervals, but
it is evident that the frequency had changed (Fig. 12).
The recorder was monitoring another output channel,
and, as a result, these biased data were in the inflight
computations but were delcted for the postflight evalu-
ation. These errors caused 2 difference in the B vector
of some 66 km. This difference is rather large compared
to the 30 km l-o uncertainty ohtainable inflight from
“error frec” data, but the error was well within mission
requircments of 150 km.

2-WAY DOPPLER, cps
o

0 30 0

TIME 16 v FROM JAN 30, 1984, min
Fig. 9. Sietion 41 pass Ne. 01/301 residuels with wreng shselute time (16:00 GMT
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In conclusion, the results bear out a good fit to all the
data, and the solution vector on the physical constants
is consistent with presently accepted values. The statis-
tics are not very startling since the only significant im-
provement came in GM . and its statistic is the same
as the pre-Ranger “accepted” uncertainty. These results
are used as the a priority for the postmaneuver orbit,
although the postmaneuver data can be processed with-
out this a priority.

D. Postmaneuver Orbit Based on Postmaneuver
Tracking Only

Table 10, columns 1 through 5, gives the data residual
statistics for various time blocks during a station pass
depending on whether the station data were above or
below 17 deg and whether they were on or off the ru-

bidium standard. Figs. 13 through 23 show the data point
residuals. Note the difference in noise characteristics
among Stations 12, 41 and 51. Station 12 has the rubidium
standard for its trunsmitter reference whereas 41 and 51
do not. It is clearly evident in Fig. 13 when Station 12
was not on the rubidium standard. Because of the acvel-
erations at impact, a higher sample rate was used and
the data are noisier (Fig. 17). The solution parameter
vector and its statistics are displayed in Tables 4 (columns
8 and 9) and 7 (column 5). It can be seen that C.\I‘
statistics have been reduced from =50 km® sec® to
+0.434 km* ‘sec®, and that station location uncertainties
have decreased a factor of 4 in longitude. Also, some
information has come in on the REM solution. Table 11
shows the correlation matrices on the estimated param-
cters both in space-fixed Cartesian and Earth-fixed spheri-
cal coordinate svstems. These statistics and solutions are
also displayed at impact in Tables 8 and 12, respectively.
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Table 10. Stutistics en pestmencuver dole

With promencuver
Neo o prierity from premansuver date o @ prierity With REM consivelat
Station | Nember
of Srondecd . Standerd Stenderd
ror deviet Moon, e Romern devigtion Moen, cps devietion Moan, eps
peints s b had
1} m | (2] (L] 7] m (] t»
12 41 00220 00015 Poss Ne. l sbove 17 deg, not rubidiom 0.0220 —0.0008 0.0222 ~—0.0004
324 0.0093 0.000% Poss No. 1, obove 17 deg rubidium 0.0094 00012 0.00%4 0.0013
19 0.0130 - 0.0029 Poss Ne. 1, below 17 deg, rvbidiem 0.0130 ~0.0033 0.0123 -—0.0006
L ] 00120 00076 Poss No. 2, below 17 deg, rubidiem 0.0120 0.0079 00120 00073
543 0.0088 - 0.0000 Poss No. 2, below 17 deg, rubidive 0.0088 -0.0008 0.0088 ~~ 0.0007
7 0.0091 - 0.0098 Poss No. 2, below 17 deg, rvbidive 0.0090 — 0.0089 0.0090 —0.0003
4 0.0097 VO 0018 Poss Ne. ), belew 17 deg. rubidivm 0.0099 0.0043 0.00%¢ 00051
L4 0.0087 - 0.0009 Poss No. 3, chove 17 deg, rubidiem 0.0089 0.0008 0.009t —00013
n 00140 — 00077 Poss Ne. 3, cbove 17 deg. net rebidive 0.0130 —0.0008 00133 —0.0128
20 0.0087 — 0.0001% Pus Neo. 3. shove 17 deg, rvbidien 0.0088 —0.0047 0.0009 —0.0122
38 0.02%0 —00012 Puss Ne. 3, sbove 17 deg, net rvbidive 0.0350 0.0134 0.0332 —0.0248
2 02110 —0.0487 Pass Neo. 3, shove 17 deg, net rubidion 0.2000 —00779 0.2040 ~0.2340
135-0ec covnt)
41 259 0.0330 -—0.0010 Pass Ne. 1, shove 17 dog, net rvbidive 0.0280 —00018 0.0333 --0.0007
148 0.0510 0.0042 Pass Ne. 2, above 17 deq, net rubidivm 0.0470 —0.0004 00813 C.0080
5t 7 0.0277 +0.0006 Pase Ne. 1, cheve 17 deg, net rubidiva 0.0276 ~—0.00'8 0.0276 —0.0022
264 0.0471 —0.0005 Pass No. 2, ohove 17 dey. net rubidiom 00473 —0.004S 0.0473 -—0.0009
0.01 ¢ps = 000156 m/s0c
*17 dog wer cheson 91 & point shove which wation in ic offecs would be ible. Bubi o bie ot Siotien 12; Sietions 4% ond 33 d»
not have the squipment. The remerks ore mede primerily for dote weighti i 4 (A dia 8).

Notice (column 5, Table 12) the consistent results when
only Coldstone data were used. Other consistency checks
were made on effects due to differences in ephemeris and
universal time (ET - UT), the lunar scale factor (REM),
the Moon's moments of inertia, and solar pressure. The
effect of a change of 1 sec in ET — UT was essentially
a change in longitude of the conditions prevailing at the
maneuver epoch with all the impact parameters virtually
staying the same. The REM perturbation moved the
position at maneuver radially along the Earth-Moon line
and left the impact parameters unchanged. Both solar
pressure and moments of incrtia were of very small effect
(i.e., less than 1 km in B). The primary check was always
the comparison of the position vector at mancuver epoch,
meaning that the position vector, obtained using only
premaneuver data, should be almost the same (except
for the small shift due to maneuver execution) as the
position vector when using only postmancuver data.
Table 13 shows these values with the small mancuver
position increments. Again the solutions are all within

the 1.2 estimates and assure consistency. One discrepancy
in the postmancuver data which is apparent in Table 12
is the difference in recorded and calculated impact time.
Although it is well within the standard deviation calcu-
lated at this time, it later becomes much too large. The
discrepancy is explained in Section 11 E 3.

E. Combined Estimate Based on Premoneuver
and Posimaneuver Trocking

1. Method of Combining

In an cffort to obtain the hest estimate on the post-
midcourse maneuver orbit, the premidcourse maneuver
data compiled in a covariance matrix were used as a pri-
ority for the postmidcourse maneuver data. The same
was done for the premidcourse maneuver orbit where
the postmidcourse maneuver data were used as an a priord
covariance matrix for the premidcourse maneuver data.

i g Y S S g o ST T N AR TR W i S s . oSy
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Toble 12. Impact parameter estimates

Postmencvver deote enly ” or dute a8 Postmencuver dote o8
[ * [ dote only ® prierity for @ prierity for
:::':x posimeneuver promansuver
m [+ 1] [} 1] (L 1] 8 (]
| ER 1 R T Y — 4507 96 1750.06 2749.93 27351.4) - 4503.28
S-AT, 4m 1594.00 —770.04 ~TP07 —764.42 158t.29
(2l 3 64.62444) (closest 48.61932¢ 48619322 40.619378 64.522)28
opproach) :
Letitude,” dug —8.68) 9.409 9.303" —9.044
Lengitude.” dog 190.232 21400 21.426" 191,628
GMT™ Feb 2, 1964 08:54.09.00 Feb 2, 1964 09.24:20.29 Feb 2, 19064 09:24:30.46 Feb 2, 1064 08.34:16.70
Altitude, km 7883 0.0 00 78078
*See Appendis C Sor dotraition.
“*80ed o0 @ ivner rodion o 1713 00 dm. Obrarvad impact time ot Gold: . Catiternie tor sinae) Hevel ime wer OF 24 31 .84 Bant lungr elevetion from Air Force
ey (Ref !} Saptemner 1942 ((AC 60) = 1738 40 ke, U.S. Army adop = 1730 ¢ e (Ret. 2).
O' impact or closest apereach
** Bant w-mfoummmm'w:n.wm-ml(: 17353 m tor bost match of rocnrded impect time

Toble 13. Positions at maneuver epoch

Prompnsvver only” Postmansuver enly M;F‘-

) { — 169638.82
Y —1.25

X+ AR == 14944007 +0.383 | — 169642.14 = 2.06 200
1 4 -~ 2928.13280
ar —0.29%

Y+ Ay —~ 29784340 =907 | —2920.9936 = 3.00 0356
F 4 — 10883.048
- 4 —0.3518

I+ A2 -~ 10683.543 +7.33 — 10671.608 + 3.51 1ne

‘A's o e during meter boma.

Theoretically, the physical constant solutions should be
the same, and thus the entire two phases should be con-
sistent by having the same physical constants. \WWhen
premidcourse and postmidcourse were done independ-
ently of each other this was not the case, as is evident
in Table 7. The method of combining this information
was:

Maneuver 2
(1 N Impact
".
Injection
L[

AQ} = (ATWA, + A)' [ATW(O, = C)) + AL, (9, — q))

q: = q,, + Aq} = best premancuver estimate

where
A, =U(A +A)UT
A = (ATWA, + A7)
U = maps (q; — qa) to injection
i=a priori covariance

A= ¢ observable in block (2) (postmaneuver)

: ¢ estimated parameter
q:, = U(q: — qu)
g: = vector of estimated parameters from block (2)
data only
A= (ATWA,)!' covariance on estimated param-
eters from block (2) data only

W = diagonal weighting matrix on observables

O — C = residuals (i.c, observed data — calculated
data)

Ay = covariance on maneuver (diagonal and very
pessimistic)

Ge = maneuver estimate based on maneuver com-
mands

The expression for the best postmancuver estimate is
very similar.
Aq; = (ATWA, + A)) ' [ATW (O, - q4))

Q:-QI|+“:+0-

Co) + Ajle, -
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Fig. 17. Station 12 pass Ne. 03/331 pestmenevver residuals (6:08 GMT
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The best premaneuver estimate was then mapped to the
maneuver epoch and differenced with the best post-
maneuver estimate to give the best maneuver estimate,
discussed in Section I1I C.

£ Results of Combining Premancuver and
Postmaneuver Data

Columns 6 and 7 of Table 10 show the data statistics
and Figs. 24 through 34 show the data residuals on the

postmaneuver data when the premaneuver data are used
for a priority. The data fit is almost the same as when
no a priority was used, confirming that the data pack-
ages are consistent among themselves. Table 7, column 8
displays the solution vector, and Table 4, columns 10
and 11, gives the statistics. Now the power of combining
the two phases is dramatically seen. GMy, GM ¢, and
REM are mcasured a factor of two better than each
separate estimate. Station location uncertainties are re.
duced, too. The most pleasing part is the solution for
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REM, which in real life is dependent on CGM,, and
GM . but is uncoupled in the orbit determination pro-
gram (ODP). REAM is related to the GM’s by the following
constraint (Ref. 3)

REM = 86315745(CM, + GM ()'"*

If REM is calculated from the constraint equation above,
using the GM and GM ¢ values obtained in Table 7,

the corresponding REM equals 6378.3112 km, which is
a — 142 m change from the nominal. The solution in the
ODP is a —15.9 m change from the nominal and is then
only 1.7 m from the constrained value. The comrelation
matrices are displayed in Table 14. Notice the correla.
tions in longitude and latitude; this is due to the choice
of the coordinate system explained in Section II1 B.
Tables 8 and 12 show the impact conditions. Notice the
slight change in impact time of 0.15 sec and its uncer-
tainty, which is reduced a magnitude from 2.5 to 0.27 sec.
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The acid test is to see how this solution compares
with the postmaneuver data used as @ priority for the
premaneuver data. The solution vector should be essen-
tially* the same. The results are very satisfying as can
be scen in Tables 7 (columns 8 and 7) and 4 (columns
10 and 13). Both the parameter solutions and the statistics

‘Computer calculating nolse has crept in since the printout s In
single precision, and thus has to be handled as single precision
input st times, '

44

agree very well with the other result. The data fit is shown
in Table 3, columns 8 and 7, and in the residuals (Figs. 35
through 40, compared with Figs. 2 through 7) again, with
almost the same characteristics as when only premaneu-
ver data are used. Correlation matrixes are shown in
Tables 15 and 16. Encounter parameters are displayed
in Table 8. When the converged conditions are mapped
to mancuver epoch and position and velocity are dif-
ferenced with the postmaneuver estimate (i.e., with pre-
maneuver data as a priority), the best estimate of the
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maneuver is formed. This estimate will also be discussed
in Section 11I C. Note in Table 17 that the positions,
after the maneuver increments are added, agree within
tenths of kilometers. This Table should not be confused
with Table 13 in which positions are obtained independ-
ently by each premaneuver and postmaneuver data block.

As a summary for these different data-block fits,

Table 18 tabulates the weighted sum of the squared .

(SOS) residuals. The effect of adding a priori data de-

Y T~ Y i g5 A L e sy

grades the fit some but only slightly in these cases, as
evident in the residual plots. Post-SOS cannot match
pre-SOS since it is a function of the number of data
points, and post-SOS has many more points than pre-
SOS. Also tabulated is QSOS which gives a measure of
the effect of the a priority on the SOS.

Throughout this Section REM (the scale factor for the
lunar ephemeris) has been considered as an independent
parameter. Comments were made previously on the close
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Yable 17. Position at monevver epech using

Table 18. Summary of the minimized residuel quantity

both a prieri solutiens
Orbit s0%° Qasos°*’
Carntesion cosvdinates, hm
Oate set X Y 7 M-m only 56.3%0 58.547
Pr with post 39.153 40.403
{1) Sev! premaneuver — 169639.09 ~2928.4060 | —10876.52¢ as o priority
Po only 68.550 68.843
{2) Positien increment ~1.25 —0.296 - — Q.58 [ with g [ Pad] 71.248
through monsuver «s a prierity
{3} Sumef (V) ond (D) — 165640.34 | —2928.7020 | —10877.044 , sem o e o whor
308 = “(VIO Ci};, W = weight, O = olmerved dote, ond C = ool-
(4) Best postmanevver — 16064040 | —2928.6339 | — 10676.44} cuinted date.
“QSOS = 305 plus the praduct 43T I'-1 82, where Sa is the dittorence in the
{5) Ditterence - 0.08 0.0681 0.603 @ prieri parameter ot and The velus of the Peremeter 1t oh The ezt T low
iteration, ond I is the @ prieri L] ot

agreement with the actual constraint equation {ie.,
REM = 88.315745(GM, i GM )'*]; however, statistics
on the complete parameter set are degraded by ignoring
the known constraint. The constraint was applied to the
best postmaneuver solution (i.e., premaneuver data as
a priority) by the method described by D. L. Cain!
Briefly, it sets the constraint equation equal to G

G = REM — 88315745(GM + GM ()'* =0

and uses a Lagrange multiplier on the original Q function
to be minimized.

Q-nunn, = (O C)’ W(O C)

W-wu@:_tondtu
{O — C) = residusl

has C added to it
Oeeeatrares = (0 — C)F W(O — C) + AG

When first order terms are collected after taking partials
to minimize Q, the resulting solution can be expressed
in terms of the original solution plus one additional term.
The new solution vector g... is obtained by

Geer = Qoriginas + &G
Ag = ACT(CACT) D

oG

C=—
oq

D = the value of G when the estimates for REM,
CM,;, and GM ¢ from the original solution are
phced in the constnint equation

A = the original covariance matrix

'D. L. Cain, “Least Squares with Side Conditions,” January 3, 1963
(internal communication).

B e wvum eI g e AT e B Th L2 WTe B el L

and the statistics are given by
Aree = A — ACT(CACT)'CA

The results are listed in Tables 4, 7, and 19. Now the
estimate on REM fits the constraint exactly, and the sta-
tistics have been reduced considerably. Y, REM, and
station longitude uncertainties have decreased a factor
of 2. Statistics in the B plane have had the REM con-
straint applied, but, in addition, they also have been
transformed from geocentric to selenocentric uncertain-
tics.’ which give a proper uncertainty to the impact
location of Ranger V1. The 2.1 km SMAA maps to a
1.2 km uncertainty on the lunar surface. Note also in
Table 7 that the solution vector has not changed sig-
nificantly. Table 10 tabulates the data statistics using
the constraint, and, since they are almost the same as the
best postmaneuver orbit (except for a slight change at
impact), only these residuals are shown in Fig. 41.

3. Observations and Conclusions

a. Landing point. Table 12 gives the landing point. Its
statistics after the REM constraint was applied are given
in Table 8. However, as pointed out earlier in this Report,
there is a discrepancy in impact time of 1.5 sec which
is a magnitude larger than the calculated statistics. An
extensive search of the program and the data revealed
no errors and in fact only strengthened the result, for
the solution for impact time was almost independent of
all perturbations except lunar elevation. Varistions in
the REM, UT-ET, solar pressure, GM . the Moon's

inertia, absolute timing of data, and amounts of data

gave essentially the same answers. The remedy then was
to change the lunar elevation, based on the impact time

C. Thomton, "Covariance Matrix of Spacecraft Selenocentric Car
tesian Pmition and Velocity,” November 14, 1083 (internal com-
municetion).
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recording which is displayed in Section IV. The record-
ing is at least accurate to 0.03 sec, which is many times
better than the calculated sigma and a strong data point
for a lunar elevation.

A check was also made on available lunar elevation
data compiled by different groups, primarily the Army
Map Service in Washington, D.C,, and the Air Force
Lunar Map Service (ACIC) in St. Louis, Missouri. The

lection of ACIC's LAC 60 map gave a lunar radius at

impact of 1738.4 km with an uncertainty of +1.0 km
On the Army map the elevation was not as well defined
but appeared to be higher, 17389 km.

By making the hmar radius 3.1 km smaller, the impact
time residual can be eliminated. The uncertainty in the
radins, +0.3 kmyis derived from the uncertainty in the
calculated impact time. The Ranger VI impact radius
was similarly smaller than antivipated. The implications




JPL TECHNICAL REPORT NO. 32-603

of these two results might be that the Moon's center of
mass is 3.0 km closer to the surface at the impact point

than was previously thought.

b. Station Iocations. There is a wealth of knowledge
to be obtained from radio tracking, especially in deter-
mining station locations. By inspecting our covariance
matrices we can immediately see that the information
on longitude is valuable. However, there is much more
information here. A different coordinate system will show
that another direction normal to longitude is measured
much better and that differences in station parameters are
determined  significantly  better than absolute station
locations.

If the coordinate system used is the X,.X., X, system
described in Section 11 C rather than the conventional
radius. latitude, longitude system, it can be seen that
two parameters are estimated very weil whereas the third
is left undetermined. The distance off the spin axis X,
and normal to this parallel to the equatorial plane X, (ie.,
longitude) are well determined. but along the spin
axis X, there is no information. This becomes very evi-
dent in Table 20 which shows the 9 X 9 normalized co-
variance matrix on station locations rotated from the
radius, latitude, and longitude system into the X,. X..X,
systemn. The 1-0 a priority used in the initial estimation
is shown in Table 4. The contrast hetween the a priority
and a posteriori solution statistics is significant in the
parameters X, and X.. The data contain essentially no
information about X, since its a priority was + 100, and
the data results give =998 for X, (Station 12). The best
estimate on X, and X. was made at Station 12, Goldstone,
where the best data quality and longest tracking cover-
age were obtained. Ref. 4 gives a thorough explanation
of why a complete pass of data from rise to set is neces-
sary for good station solutions. Fig. 42 shows the signa-
ture in the doppler residuals for a complete station pass

0.00)
F\
0008} I } —
W
i
‘ N H [
MAXIMUM
ELEVAYM—/:T
§ -ooost- D e S
S - :
‘ H :
a J E
-00
0008l
~o 008}
-0 ool
1y

LENGTH OF PASS, &

Fig. 42. Change in range rote covsed by
station location emers

caused by errors in X, and X., and it can be seen why
they are so easily separated and determined. In Table 21,
results are summarized as differences from the old sur-
vey. A comparison can be made on Goldstone with the X,
and X. parameters. The results from the Mariner I mis-
sion, New Survey, and Ranger VI compare very well. Pre-
liminary results on Ranger VII are also in good agreement
with Ranger VI, Note also the correlations in Table 20
among the three stations’ X. (i.e., longitude), and the
statistics in Table 21 on the differences in station X..
There will be many fine estimates on station locations

Table 20. Stctien lecation statistics

Corrolation metriz

Stondard deviation, x. (00 X0 LON X, 141} X, 4%} X, (47 X, (s X, 1819 X. (30}
L& N} ] | ] 0.146 -0.019 -~0.207 0.154 -0.0V7 0.044 0.254 0.031
20%00 1 -0.09 -01ns 0.02% 0.1 0.37% 0.859 ~0.003
.8 (10 ] - 0.012 - 0.029 o.on —~0.028 —0.026 0.002
7 A4 0.042 0.290 —0.038 -01Q -~0.110
37.4 %, (41) ] 0.043 0474 0.0 o.01)
2.8 &, (41) ] 0.074 0.103 0.190
19.8 1. (8Y%) \ 0.423 [ 8}
3.5 &, 3Y) ] -0.0M

92.4 K. ($)) \

Y UarD L e s e wn - e

P e T e e
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Yable 21. Comparison of station lecations

pendent solution is very encouraging. As expected, the
constrained solution brought the statistics down slightly

Meriner Il on all parameters (Table 4, columns 12 and 15).
A = Merinoe il — old sorvey
Sotion | dsm [dmem [dram |emm | oom |7 Table 22 and Figs. 43 and 44 show the results on
12 | s | -932 -N04 ] 135 | 440 "o GM_. and CM  from Ranger Vland previous missions.
a
o Toble 22. GM ..and GM, mission estimates
Statioms 41 ond 51 had insefficient trocking fer shet —
12-41 Tooation sobet GM . estimetes
Stenderd
12-51 . Valve, e Tracks od
Mission ekl Sovistion: o
a5
pro Nominol IP1° 398603.20 +40 4 doys
5= new servey — oid survey Ronger 3 398600.49 et | om
-1333 [—1032 | 9o | 260 | 260 | 20 Renger & IRLO1A7 | 2133 Wb
v - : : i Renger §' I98599.20 +13.2 S he
a ~e3 | —33 | @4 20 260 26.0 Ronger VI 393600.61 11
51 —~178 00 | —161 | 260 260 240 GM ¢ estimales
Nominsl I 49007509 *30
12-41 %3 3.8 388 o to dariner 1
12-51 %3 3.8 %8 - s ot ~os Yeom cooren dote
41-5 38 38 Y ) fafter Mariner 11}
Renger Vi Renper Vi 4902.6182 +0.14 | esmetdere
A = Renger VI — old swrvey
2et.3
n | -ws|-m2 ] -] ez ass ”s St 3.
‘Sut. .
aQ 10 { 12 &3] B0 | 43 20
51 —a9 ) —4s5 | ~av0 ] wo | 400 ”o
0%
141 | —1as {2453 | —99 | w2 ns | |
2t - sl -7z aa] ne 18 juose mesa} RANGER €
0a-31 0y | 1676 73| ae 121 |y - T—
JPL NOMINAL RANGER S
A 390,400 I VALUE o
coming from future space probes; for the overseas sta- - 4
tions \?1" soon have the Goldstf)ne capabilities, and }l’lﬂ*- -§ ] RANGEW 3 n o
ing will be such that all horizon data, whether in the & A
. € 14 RANGER 1T .
2- or 3-way mode,* will be valuable. & 7 Sppm [~ Bi
2 smescol _— || ¥ oL
¢. Physical constants. Estimates on three physical con- £ | Zoom
stants were obtained with the tracking data. GM,, GM L
and REM were estimated with uncertainties lower than nr.% »
any previous estimates (Table 19). The estimate on REM, 5 ]
of course, comes primarily from the good estimates on L
GMg, and GM , slthough the agreement of the inde- orane |
F S PRELIMINARY WALUE
*Sce Section IV on various tracking modes. The 3-way mode dats W00

are not used presently, due to insufficient reference frequency
stablliny.

|14

o . - T AR

S caad




i she i Wil

e Ao - - A o b i -

e L 1 5B

JPL TECHNICAL REPORT NO. 32-603

08
I~ PREVIOUS
‘ VALUE
4904
"""”” L pancer mm;m w

- 4,"-5 —% o— E e
s aso2} 38ppm 19ppm 23;;
> JPL NOMINAL
= 3 -
hid
S 0oL ¢hopem
>

anse} =

® PRELIMINARY VALUE
T J

Fig. 44. GM < with probable errors

Notice how consistent the results are. The mean scems
to average close to 398601.2 km?/sec? for GM .. Note that
the uncertainty in GM _ is about a factor of 4 smaller
than the nominal JPL value (Ref. 3). The estimate on
GM ¢ is consistent with the Mariner I estimate, and its
uncertainty is also a factor of 2 smaller. The results are
very encouraging in that the Mariner estimate was ob-
tained by the 28-day periodic effect of the Moon in
Mariner's cruise phase data, whereas the Ranger solution
was derived purely from the direct gravitational force of
the Moon. These estimates are truly from the data for, as
seen in Table 4, the a priori assumptions were a magni-
tude larger than the final uncertainties.

With these estimates on GAM . and CM an Earth-
Moon mass ratio can be ddenmned

. _ GM. 39860061
kT CM, T 19026182

= 81.3036 +0.0023

This p ' agrees favorably with the Mariner II result
»' = 81.301S5 +0.0034

The mean lunar distance is obtained directly from the
constrained estimate of REM as described by Clarke
(Ref. 7) or Brouwer (Ref. 8)

= 00.2665878 REM = 384,399.0 =025 km
(probable error)

This result may be compared with some previous mea-
surements. For consistency with normal astronomical
practices, the probable error has been used as a measure
of statistical uncertainty in the subsequent comparisons.

Fischer (Ref. 9) interpreted the measurements of star
occultations at the same point on the lunar limb by
O'Keefe and Anderson (Ref. 10) to obtain the value
Ay 3844009 <47 km and interpreted the dynamic
results as A, = 384.400 + 2.0 km, which is in good agree-
ment with Ignn;,er VL.

Measurements of radar round-trip times to the reflect-
ing surface on the Moon were performed over eight luna-
tions in 1959 and 1960 by Yaplee (Ref. 11). The results
provide an accurate measurement of the mean distance
from the Earth to the mean radar surface, representing
the average surface over the range of reflecting surfaces
presented during several lunations Yaplee reported a
mean lunar distance of A, 354.400.2 = 1.2 km. In order
to obtain this figure he assumed the radius to the mean
radar surface (MRS) to be 1738 =1 km and the speed
of propagation to be 2997928 km sec. This result can
be compared to the Ranger VI results in two ways. First,
consistent values of the propagation speed must be used
since hoth experiments actually measure in the length
unit of “light-seconds.” Correcting Yaplee's reported
valm into the system of units* used on Ranger VI

- 384,399.8 1.2 km is obtained still using the radius
to tht MRS as 1738 =1 km. The agreement is quite good.

It seems that if Yaplee's result is expressed without
putting in the relatively uncertain radius to the MRS
and in light-second length units the mean distance from
the center-of-Earth to the MRS is 352,661.8 +-0.1 km.
Thus, if a more accurate measurement of A, is available
his results may be interpreted as a measurement of the
lunar radius to the MRS. Using the A. of Ranger VI
Runs = 17372 :+0.27 km is obtained. As described earlier,
the radius to the Ranger VI impact point is estimated to
be Ape = 1735.3 =020 km. Just how consistent these two
estimates are may be verified by comparison with lunar
maps. Using the U.S. Army Lunar Map (Ref. 2), the
altitude difference between the MRS and the Ranger VI
impact point can be cstimated fairly accurately to be
2.2 +05 km, which compares well with the value of
19 +0.34 km obtained by combining the Ranger VI re-
sults with the new interpretation of Yaplee's measure-
ments. Perhaps more careful attention to determining
the altitude difference between Ranger impact points
and the MRS by optical means will establish an even
closer verification. More refined analysis will be per-
formed in the future.

'C = £00,702.5 km/sec in Aenger V1.
°B. S. Yaplee (private communicetion), November £3, 1084,
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4. Limitations

This section discusses the limitations of the Ranger VI
flight path analysis deseribed in this Report and predicts
the onteome to be expected from a more extensive analy-
sis, which will be undertaken after the completion of
the Ranger Block Hi (Hangﬁr 6 through 9) missions. The
Ranger Block HI Summary Analysis will be performed
with the aid of the “next generation” ODP now being
developed at JPL.

The ODP (Ref. 12) used for the Ranger VI analysis lacks
certain desirable capabilities which will be incorporated
in next generation ODP. The principal items are sum-
marized in Table 23, 1t is significant to note that errors
introdduced during computations due to interpolation and
the huildup of round-off crror are the major contribu.
tions to the two-way doppler weighting sigma discussed
in Appendix B, This means that the full potential of the
DSIF tracking data has not been realized in the Ranger VI
analysis. The two-way weighting sigma (for one sam-
ple min at Station 12 at lunar encounter) can be reduced
DSIF tracking data has not been realized in the Ranger VI
from 0.013 m sec to less than 0.0053 m sec if the comput-
ing noise is made negligible compared to the other error
sources. The buildup of computing error acts as a Jow
frequency noise source. Such an error usually is not

detectable in plots of the doppler residuals such as Figs.
24 through 34. These plots tend to illustrate only the
high frequency noise sources.

In addition to the computing noise discussed above,
other numerical limitations exist in the analysis. Their
existence is illustrated by the fact that certain constraints
hold only to a limited precision. Examples include the
physical constant solutions and the spacecraft position
at the midcourse maneuver epoch. The physical constant
solutions obtained from using the results of premaneuver
data as a priori information when processing postmaneu-
ver data should be identical to the physical constant
solutions obtained when using the results of postmaneu-
ver data as a priori information when processing pre-
maneuver data, in that both orbits use the same set of
data but in a different order. Table 7 compares the
physical constant solutions from these two orbits. Al-
though the standard deviation of each physical constant
shown in Table 4 exceeds the discrepancy between the
two solutions, it is still clear that numerical difficulties
do exist. For example. AGM = 0.037 km*/sec* which
is a variation in the sixth digit where a variation in the
eighth digit may be expected due to round-off in that
although the same computations are performed they are
accomplished in a different sequence for the two
solutions. Notice that AGM ¢ is overshadowed by the

Table 23. Limitations of Ronger Vi analysis which will be overcome for
Ranger Block Ill Summary Analysis

Limitation of ODP used for Renger V! enelysis

Characteristics of “'next generation’ ODPF which will be wsed for
Ronger Block 11l Summery Anelysis

1. Trajectory and most other computations ave in single precision. Errory
ore introduced during compuiotions due Yo interpoiction ond the
buildup of round off error, which are the moin con ributions fo the

1. Dovble precision will be vsed throughout. The computing p
be formuioted and the trojectory inlegrotion step size
10 ensure thot computing noise is @ miner contributer o the dete

doto weighting sigma (Appendix 8), e.g., puting noise ibwted
0012 m/sec ovt of o ol weighting sigme of 0.013 m/sec for
Stotion 12 two-waoy doppler neor lunor enceunter.

2. A fized empiricol correction is opplied for tropospheric stfects. lon-
ospheric effects ore ignored bt covid opp o on i ¢ dis-
plocement for @ daylight trocking pass.

3. Certoin operations must be corried oul extermcl to the ODP. This
wmetimes mokes on enact iterotive solution cumbernsome ond im-
procticol. These externcl eperations include:

[ % ﬂn opplicotion of the GM.. , GMQ , REM conmtroint {mointeins
“colculoted’’ peried MM with the “obeerved” peried

cl the Moon).”
b Velocity increments due to the midcowne mensvver lu‘ he
wmg umrmolm » oft from the & h vohicle whot
ity “selved for" end the ODP doss
ot these points.

4. Sice of wivtion vecter is limited 1o 20 por tors. Ni
otens were vud hl the Ronger VI .ﬂ.lnu which did not hdu‘o he

Y ts in the selvtion vecier.

3 M nlod'y'

the straints will be § ,-umow. Tracking
MVMimoﬂmnw poct con be p ¢ in o single rve
ppesed to the p wnd p e sogments which

nuonnnu »

ty tor the Renger Vi bysi

4. Size of sohtion vecter will be inally 30 paremelers bt will vary
depending on natvre of rva. This will ollow the inciusion of odded
porameters mentionsd sheve (1)

*The tuner sphemeris i on input 1o 1he OD™ and the ‘'ohesrved’’ onguier position of 1he Meon with repsct %o e Borih i Raed, wdﬁoﬂa.“ . A0
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oing = 0.14 km'/sec? for this analysis, but it will not be
acceptable for the summary analysis which should yield
a oiyg = 0.03 km' sec?, as discussed below.

The discrepancies in spacecraft position at the mid-
course mancuver epoch are shown in Table 17 in which,
for example, the spacecraft is displaced 06 km in the Z
direction above what the magnitude of the mancuver
would indicate. The current ODP constrains these posi-
tions statistically through the application of an a priori
covariance matrix but does not include a physical con-
straint. The GM .. CM . REM constraint was applied as
a side condition (.S('ctinin I E 3) after the ODP processed
the postmaneuver data using the results of the premancu-
ver data as a priori information. That is, the constraint
is not applied in the iterative process but only after the
orbit has converged without recognizing the constraint.

The next generation ODP will be formulated and the
trajectory integration step size can be chosen to ensure
that during postflight analysis computing noise will he
a minor contributor to the data weighting sigma. In addi-
tion, the manecuver velocity increments will be added to
the list of “solve for™ paramecters, and the equations
which constrain the spacecraft positions at maneuver
epoch and which constrain the GM__.GM . REM param-
eters will be added to the regression model. Also, the atmo-
spheric refraction model will be improved in that the
ionospheric effects will be added and the tropospheric
model will be increased in sophistication. The size of
the solution vector will be increased from its present
limit of 20 parameters to allow the inclusion of the ma-
neuver velocity increments and possibly timing biases
which may be important within the first few hours after
launch, as illustrated in Fig. 9.

It is desirable to develop a model complete enough
so that the “fitters world™ will contain all the parameters
necessary to represent the “real world” data (remove all
trends from the residuals), and so that realistic statistics
are associated with the solution vector parameters.
Table 24 is a comparison of the physical constant statistics
between the Ranger VI postflight analysis and the Ranger
Block 111 Summary Analysis. An improvement factor of 3
is realized for CM - and 5 for GM . The slow relative
motion of points on the Earth’s crust (which will not be
included in the ODP model) may limit the knowledge
of station locations to 3 m in the radial direction normal
to the Earth’s spin axis and to 5 m in the difference in
longitude between two stations. The major reduction in
statistics is the result of the improved model (ie., double
precision, built-in constraints, midcourse mancuver model,
improved refraction model) to be used for the Summary
Analysis; however, some improvement will also be realized
from combining the results of the Mariner (Venus and
Mars) and the other Ranzer flights for 4 consistent solu-
tion of the physical constants (GM_. GM . REM, and
tracking station locations). Also data such as TV pictures
of the spacecraft lunar impact point will be available as
a check on the orbit determination process.

5. Summary

Combining the premancuver and postmaneuver data
and applying the lunar constraint equation on the REM
and the GM has provided new and independent estimates
on the values for GM .. GM (. REM, station locations,
and a lunar radius at the impact point. The statistics on
all these parameters are as good or better than any other
cstimates available.

The solutions on the GCAM's are consistent with recently
established results and are several factors lower in their

Table 24. Physical constont statistics: comparison between Ranger VI analysis
and Ranger Block ill Summary Analysis

PR A N AR e b A L T S ARG

n, = m, ~ (ditterence in longitvde betwoon twe stution)

Sronderd devietion
Poyslent conttomt Ronger Vi positight enelysis Renger Block IN § y Anelysis
cMg 114 km"/sec’ == (2.8 X 109 GMg, 0.4 km'/sec’ = (1 X 109 GMa
GM ¢ 0.4 km"/s0c = (30 X 10 GM ¢ 003 am'/sec’ = 18 X 10°)GM ¢
asM &l = (1 X 10 0eM 2e =03 X 10%0M
Statien lotatiens®
a (outword radiel distonce aormei o Borth's apia anle 9a o
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uncertainty. REM provides the mean lunar distance, and
using it there is good agreement with Yaplee's recent
radar bounce work in determining a lunar radius mea-
surement. Ranger VIalso showed an effect that wanted
to decrease the lunar radius approximately 3.0 km. The
station location measurements are made in only two
coordinates: the longitude direction and off the Earth's
spin axis. The statistics in these coordinates are better

A, Introduction

The Mancuver Analysis Group (MAG) is responsible
for the real-time exploration of the possible mancuver
alternatives existing in both standard and nonstandard
flight scquences. As a result of this exploration a definitive
recommended maneuver policy along with certain avail-
able alternatives emerges. The exploration of maneuver
altermatives must be conducted within the framework con-
structed by the following constraints and considerations:

1. The impact site must be selected so that upon
arrival, the lighting conditions are suitable far high
resolution photography. Because it is thought that
the changes in the lunar albedo are negligible over
small arcas, dependence upon shadowing must be
made in order to obtain the desired information. A
precise criteria for the selection of suitable landing
locations is given by the Figure of Merit formulated
by the Space Sciences Division of JPL (Ref. 13). This
technique caleulates the minimum size, right circular
cone of 15 deg slope that will be detected under a
given set of lighting conditions and viewing geom-
etry. In gencral, this criteria predicts excellent results
in the region where the lighting angle is between 50
and 80 deg.

2 It is very desirable that the impact site be within a
mare area since this is the desired landing terrain
for the Apollo capsule.

3. It is also desired that the mare arca selected be
between +10 deg of the lunar equator, again for
compatibility with the manned lunar program.

T mNRT e e ee s eR i

than the present land surveys because it is dificult for
them to account for the coatinent discontinuity and local

vertical discrepancies.

With future space probes and new equipment being in-
stalled at the tracking stations, more and better estimates
will be achieved through Earth-based radio tracking.

Ill. MIDCOURSE AND TERMINAL MANEUVER ANALYSIS

4. If no suitable impact area can be found, the possi-
bility of a west-side fvby is allowed, and selection
is made here on a combined basis of optimizing the
Figure of Merit and obtaining maximum camera
coverage, especially on the back side of the Moon.

5. There are additional spacecraft and geometrical
constraints to be taken into consideration. Among
these are:

a. The magnitude of the maneuver cannot exceed
the maximum provided.

b. At no time before the completion of the mission
may the Earth-probe near limb of the Moom
angle fall below 15 deg. Violation of this con-
straint will result in loss of Earth lock.

c. It is desired that the flight time be adjusted so
that the automatic preset timer on board the
spacecraft will activate the fully scanned cameras
no later than 5 min and no earlier than 45 min

before impact.

d. At no time during the midcourse sequence should
the roll axis of the spacecraft lie within 40 deg
of the probe-Earth line. If this constraint is vio-
lated, spacecraft telemetry during the maneuver
may be lost as the null cone of the omniantenna
is pointed at the Earth. This constraint is compl-
cated because entering the forbidden cone does
not necessarily mean telemetry Joss, and (f loss
occurs it may be lost for some channels only. The
severity of the telemetry degradation is a function
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of the “clock” angle, i.e., the part of the cone that
has been entered. Coordination with Spacecraft
Data Analvsis Team (SDAT) is reguired in flight
for a complete analysis if this problem arises.
Constraints ¢ and d may be mutually exclusive,
in which case the timer will take precedence

over the midcourse telemetry.

e. It is desirable that the entire terminal phase
(impact - 130 min to impact) be visible from the
Goldstone stations.

f. The postmidcourse trajectory must be such that
the required second pitch tum during the ter-
minal maneuver does not become less than 47
deg. In addition, the second pitch turmn may not
be greater than +55 deg if accurate roll stabili-
zation is required.

g. The primary optical axis of the TV subsystem
may not be pointed to within 38 deg of the probe-
Earth line because of mechanical limitations.

During the performance of the maneuver, it is possible
to determine from telemetry if the roll and pitch tums
are being executed as commanded. If the tums are sig-
nificantly different than desired, the question immediately
arises whether the incorrect maneuver being performed
is better than no maneuver. Using linear analysis, the
MAG can determine in real time the effect upon the
trajectory of any combination of observed turns and an
assumed velocity increment and, in conjunction with a
representative from the Space Sciences Division, recom-
mend whether or not to send RTC-8, which inhibits the
motor burn and returns the spacecraft to the cruise-mode

The investigation of the proper terminal maneuver can
be broken into three main possibilities:
1. The nominal terminal maneuver which aligns the
primary optical axis of the TV subsystem along
the velocity vector at the point of impact.

2. The optimum terminal maneuver which secks to
make the optimum trade-off between camera smear,
due to misalignment between the cameras and the
velocity, and the viewing geometry.

3. No menecuver at all which improves reliability.

The constraints on the terminal maneuver mentioned in
the preceding section apply here also in choosing the
proper terminal maneuver. Figures 45 and 48 depict
the midcourse roll-pitch turn and the terminal pitch-
yaw-pitch tum sequences.

8. Midcourse Maneuver Sitvation

For the January 30, 1964 launch there were two nom-
inal prelaunch aiming points selected, one at 85 deg
fatitude and 21.0 deg longitude in the Sea of Tranquillity,
and an altemate in the Sea of Vapors at 13 deg latitude
and 3 deg longitude. The alternate point was selected
because the Sea of Tranquillity was but 19 deg from the
terminator, and it was feared that the actual target un-
certainties due to mideourse execution and orbit deter-
mination crrors might dictate the selection of the alternate
point, 35 deg from the terminator.

During the mission, it was clear from the first orbit
that the premidcourse trajectory lay well within the
60 m see correction capability. The behavior of the orbit's
estimation is detailed elsewhere in this Report, but, rela-
tive to the size of the correction to be performed, each
determination vielded the same result. The figures quoted
here refer only to the nominal premidcourse orbit. This
orbit provided the basis for the final computation of the
midcourse maneuver. Table 25 details the estimate of
the premaneuver orbit, the desired target parameters
and the change in the target parameters required to attain
the desired terminal conditions.

Table 25. Premaneuver and postmaneuver
target conditions

Terget lovnch | Soq of Trangquilliey Son of Vapors
thd Premeney- | vehicle

POTOM-|  or orbit | @iming Portorhation | o ., |Perturbation
oters point Desired roquired oquired
B-RT| 1650km | —536 | —728] —2388 | —~100| —27e0
87| —45isum|avs | 2700 +7258 | 19%0 +6488
¥ 6463n |6553 |65.29 | 048 29 | 04

Also registered in Table 25 is the prelaunch target
point. It may be noted that this point is some 2300 km
away from the primary postmidcourse aiming point.
The prelaunch target conditions are chosen so as to
optimize the probability of impacting in the visible
lighted portion of the Moon in the event a space-
craft malfunction occurs which precludes the perform-
ance of the midcourse trajectory correction. Likewise, the
flight time of the prelaunch targeted trajectory is biased
from the final desired to enhance the likelihood that the
TV package will be activated automatically at an accept-
able time even if no command capability is ever estab-

lished with the spacecraft.

Figure 47 plots the perturbation required to reach the
Sea of Tranquillity inside the capability ellipse for 60
m,sec 16 hr after injection. The interpretation of this
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Fig. 45. Ranger midcourse monevver
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Fig. 47. Ronger Vi midcourse guidance
requirement ond copability

Figure is that if the premaneuver B+ RT, B+ TT point
lies within the ellipse, the desired correction is possible
with the 60 m sec capability provided. A summary of
the target dispersion statistics is provided in Table 26.
Here are listed the l-o values for the semimajor and
semiminor axes of the B plane dispersion ellipse along
with the flight time uncertainties for the orbit determina-
tion, midcourse execution, and combined error ellipses.

Nominally the flight time is adjusted during the mid-
course maneuver so that impact will occur 15 min after
the TV backup clock applies full power to the F channel
cameras.” If, however, the roll axis turns to within 40 deg
of the probe-Earth line at any time during the perform-
ance of the nominal maneuver, consideration is given to
modifying the flight time from the nominal desired to a
value such that an antenna constraint violation does not
occur or, at least, occurs in a minimum fashion. For
Ranger VI it was considered acceptable to have the cam-
eras automatically activated anywhere in the interval
11-34 min before nominal impact. The required unmodi-
fied maneuver yiclded a severe antenna constraint viola-
tion; the roll axis entered the null cone 50 sec after the
start of the pitch tum and did not emerge until the motor
had been completed and Sun reacquisition had started,
Moreover, adjusting the flight time within the acceptable
window yielded no appreciable improvement. Because of
the ineffectiveness of any possible modification and

'F refers to the fully scanned camemss, P refens to the partially
scanned camerss.

Table 26. Expected target dispersions frem erble
determination and midcourse execvution errers

e dotormination | ‘vusorren | Comblnod
Semimajor azis, km 0 73 s
Semiminor ezis, km n 40 72
Flight time uncertainty, sec &6 48 ”
Angle from T-oris clock- —47 [ -

wise, dog

because it was anticipated that most of the telemetry
could be received in spite of the violation, the unmodified
flight time of 65.29 hr from injection to impact was
selected. This completed the postmaneuver aiming point
selection.

Consideration was given to the possibility of sending
RTC.-8, interrupting the midcourse sequence, in the event
a malfunction occurred during the tuming sequence of
the midcourse maneuver. This is a particularly difficult
decision to make in real time for a maneuver, once
stopped, may not be attempted again, and the spacecraft
is committed to remair: on the premidcourse trajectory.

The Ranger VI premidcourse trajectory took the probe
on a west-side flyby of the Moon, having a closest
approach distance of 2550 km (altitude of 812 km) at a
subprobe point of latitude = - 10 deg, longitude = — 168
deg. On this trajectory, a very satisfactory mapping of
the uncxplored portion of the Moon could be obtained,
although the pictures would by no means have met the
mission high resolution objectives. In order to obtain this
vack-side mapping however, a terminal mancuver would
have had to be performed. Without this reorientation of
the spacecraft, the camera field of view would not have
intercepted the Moon. If a real malfunction occurs dur-
ing the midcourse, the likelihood of being able to suc-
cessfully perfform a terminal maneuver is cast in grave
doubt; except in unusual circumstances, then, RTC8 is
not to be sent if a terminal maneuver is obligatory on
the premidcourse trajectory. Because of these considera-
tions it was decided that no postmidcourse trajectory
could be less advantageous than the existing course, and
the decision was made by the Project Manager not to send
RTC-8 under any circumstances.

Approximately 3 hr before the initiation of the maneu-
ver, at 08:30:00 GMT January 31, 1964, the final compu.
tation was made, using the latest estimate of the injection
conditions. The important parameters of the required
mancuver are registered in Table 27.
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Evem Mognitvde | Dvretion, soc | Tiems initiated
i Rott tem —11.96 deg e 08:30.44
: Pitch tvrn —70.98 deg 328 08.40.09
‘ Velocity increment 41.27 m/sec [ ¥4 08:57:09

3 During the performance of the maneuver, the telemetry
yields direct readings on the duration and polarity of the
turns and the length of the motor burn. These measure-
ments, observed in real time during the performance of
the maneuver, all had the correct nolarity and, to within
the accuracy of these measurements, were of the exact
duration commanded. This, coupled with the real-time
doppler reduction (discussed elsewhere in this Report),

; gave almost immediate verification that the maneuver had

been performed correctly.

C. Terminal Maneuver Situation

At the time the terminal maneuver was being consid-
ered, the following data represented the best estimate
of the impact parameters:

Impact latitude = 8.00 deg

Impact longitude = 20.11 deg

Time of impact = Feb. 2, 1964 at 9:24.40 CMT
Automatic camera turnon = 9:11.12 GMT

Figure 48 depicts the impact geometry with the cam-
eras in the cruise mode orientation. The C vector rep-

JPL TECHNICAL REPORT NO. 32.808

resents the central pointing direction of the four P
cameras; A and B represent the pointing directions for
the 25 and 8.4 deg ficld of view F cameras. A terminal
mancuver, if performed, would have aligned the C vector
with the impact velocity vector. In the cruise mode the C
vector was 12.5 deg from the velocity vector, and with
the path angle shown of 42.5 deg, an impact velocity of
2.66 km sec and a shutter speed of 2 m sec, the resultant
blurring due to camera motion was 1.85 m. That is, the
center of the ficld of view at the time the shutter closed
would be observing a point on the surface 1.85 m away
from the point viewed at the time the shutter opened.
This is an acceptable level of blur; an amount three times
this figure could probably be tolerated and still meet the
mission objectives.

In addition, the TV experimenters pointed out that the
“no terminal mancuver” viewing geometry was such as
to allow direct observation of shadows from objects hav-
ing a 30-deg slope from the horizontal. If the camera
were aligned with the velocity vector, this situation would
have been destroved. These considerations coupled with
the possibility of a spacecraft failure during the terminal
maneuver led the Project Manager to decide not to per-
form a terminal maneuver.

b. Commanded and Actval Maonevver Compared

The Ranger V1 midcourse maneuver was performed
well within the expected tolerances to produce a near per-
fect impact in the Sea of Tranquillity. The purpose of this
section is to numerically evaluate the midcourse accuracy,
obtaining estimates of the mancuves execution error in
terms of effective pitch, yaw, and shutoff errors. These
estimates are derived directly from the final estimate of
the velocity added by the maneuver, and they have uncer-
tainties associated with them; the estimation errors are
presented and discussed below.

It is estimated that the Ranger VI maneuver was per-
formed with a 0.97 mrad pointing error in pitch, a —52
mrad error in yaw and a —0.044 m/sec error in shutoff.
For the mancuver petformed, the expected standard de-
viations of these errors were 3.7 mrad, 8.6 mrad and 0.18
m/sec, respectively. In addition, the uncertainties in these
estimates are 0.14 mrad, 0.23 mrad and 3.5 X 10-* m/sec.

Itis possible, in postfight analysis, to account for a few
of the random errors that constitute the final pointing
and shutoff errors. In particular, the turn and velocity

magnitude resolution errors and the limit cycle errors in
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Toble 28. Data vsed ia errer compuiations

D Goll twrm, Piach tom, '.-..“
o - : Brvor computetion [Pirch, mrad] Yow, mrad | Volocky mognitude,
Ideel turn —12.013 —71062 0
Rerelvtion errer 0.052 0082 o Estimoted error 07 $2 - - 0.044
Limet cycie error o218 0.120 —0097 s:ndofd deviation 37 86 0.18 Including
iden! velecity incroment = 41 1785 m/eec. Bomabetean orrar = 0 002) &/sec o ol ervor
Rotio of estimated 0.36 0.60 0.24 sources
error 1o it
roll. pitch, and vaw can all be obtained. By simulating a standard deviction
mancuver containing these errars—but otherwise ideal— Estimoted error 2.5 -0.22 - 0046
the pointing and shutoff errors attributable to the remain- Stondard deviation 3 59 017 Wik .
ing sources can be ostimated. (The data used to remove of expected error ot ot
these effects are registered in Table 25.) The remaining Ratio of estimated 0.8 037 0.27 ""'""'N:,
. . < 1o it oeror sowrc
execution errors are estimated to be - 25 mrad. - 022 adord deviation
mrad, and - 0046 m sec. respectively, in pitch, vaw Sontord duviriom ore o2 00035 rcobie
and motor shutoff. of the error in the o both sets
estimote of resuits

Table 29 contains the results of the computations, giv-
ing the estimates of the pointing and shutoff with and
without the observable errors. It is interesting that all the
errors are considerably below their 1-¢ values; this is true
even after the removal of the effects of the roll limit cydle,
a usually predominant error which was fortuitously low
for Rangzer V. from the yaw channel. The velocity vari-
ances used were obtained by using tracking data alone:

Table 29. Estimated Ronger Vi menesver

execvtion errors

i.c.. no weight was given to the spacecraft maneuver
data. The values for the expected execution errors® and
the actual limit cycle errors were obtained from the Guid-
ance and Control Division.

'G. D. Pace, “Ranger Block 111 Midcourse Execution Capebilitics,”
October 10, 1963 (intemal communication).

Table 30. Comparison of inflight and postflight orbit estimates

CMa, R

Closes? approach
ST, bom 80T, hm or SMAA, km | SMIA, km 0, deog OEL V," see
impect
Promancuver ostimate
infligh — 451773 164001 08:34:31.28 75 07 3 [ ]
{premencuver dote only}
Poattlight — 4307 98 1940 08:54:09.00 7 153 "o 12
(premencuver dote enly)
Poatflight (best, olt dote) - 43505.28 1381.29 08:54:16.70 - - - -
Ditferance (post — in) * 8 - 636 —~23.28 sec - - - -
Pectmancuver sstimeate
fatlight 73389 —768.33 09:24:30 N4 59 L] v
Sest poottiight 734 —764.42 09:24:30 21 03 wr - 81 ]
Ditterence (post — in) 2.4 393 [ ] - - - -
Alming point 2740.13 —~725.30 09:24: 4 - - - -
Ditterence (post — oim) (181 ] n.”n [y - - - -
Retorded impact Kme 09:24:31.06 - - - -
{torracted tor avel Hme)
*Espiained in Appondin |
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These emrors were also evaluated in the B plane along
with the orbit determination errors. Table 30 tabulates
the orbit determination errors as obtained from compari-
sons of paostflight orbits and the inflight real-time orbits.
The large error in B+ RT is the primary orbit determina-
tion error mentioned carlier. Table 31 summarizes the
two error sources. Fortunately the mancuver error tended
to cancel out the orbit determination error and, as a net
result, a miss of only 16 mi from the nominal aiming
point exists.

A rather dramatic display of the mancuver performance

Table 31. Summary of OD and moneuver errers

AB T am|aABo0 km | AT, s0¢
Intiight arbit (bost estimate) 12.41 ~787 -~ 148
€ ion erver in 1.4 27 +40
Total errer 139 -520 -85
Stotitvde | Tromremingl | 00 deg = 240 km | 27 4 168 !
. ciming > onlunor ,
3 longitude | point 045deg = 1208m |  surioce

points are plotted as dots. The orientation of the velocity

is shown mn Fig. 49. The continuous dark line was the  increment was such that 979 was directly measurable by y
predicted doppler shift. The actual received doppler  the doppler shift.
20440 - '
. 1
.20 -
- PREDICTED DOPPLER 1
CURVE WITHOUT MANEUVER
ool IGNITION X
06.57.09 :
00
TOTAL DOPPLER SHIFT « 248 cpe
or © AtaL oaTa
L R DIRECTLY MEASURED
.- s 4% OF TOTAL VELOCITY
(7] INCREMENT
z sol- 10 cps ~ S Rfsee
3 ¥
£
300}
£ | ik
g .t
SURN TIME * 67 sec
180 PREDICTED DOPPLER
WITH A MANEUVER
1 )| 4
G 20 e € 80 00 120 w0 W0

TIME @ ir 58 min FROM JAN 31, 1984, see

Fig. 49. Ranger Vi deppler during meneuver
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IV. TRACKING SEQUENCE OF EVENTS

A. Introduction

Ranger VI was launched from Cape Kennedy on Janu-
ary 30, 1964, at 15:49:09.092 CMT. Significant events,
including their associated times, through lunar impact are
listed in Table 32. At the time of the first Agena cutoff, the
Agzena B-Ranger VI spacecraft was in a circular parking
orbit at an altitude of 186.89 ki and a space-fixed velocity
of 7.381 km see. The circular parking orbit was termi-
nated by second Agena ignition. Second Agena cutoff
marked the time of injection into the lunar transfer orbit
at an altitude of 644.50 km and a space-fixed velocity of
9.443 km see. Agena—spacecraft separation appeared nor-
mal and Ranger VI continued on a lunar impact trajectory.
Event blips B-2-4 and B-2-1 Number 4, observed by
Station 41 at 16:50:07 and 16:52:01 GMT, respectively,
confirmed solar panel extension and initiation of the Sun
acquisition sequence. Earth acquisition was confirmed by
event blip B-2-1 Number 5 at 19:20:02 GMT by Station 41.

The first ground commands were sent to the spacecraft
by Station 51 on January 30. Two “clear commands”
(RTC-0) were sent at 20:08:00 and at 21:10:00 GMT.
These were followed by the spacecraft antenna change-
over command (RTC-3) sent at 21:12:00 GMT. This last
command switched the spacecraft transmitter from the

omniantenna to the high gain antenna. A rise in received
signal strength and a B-20 event blip at 21:12:40 GMT
confirmed the antenna switchover.

The corrective maneuver commands were sent to
Ranger VI by Station 12 starting at 07:29:00 CMT on
January 31. ANl guidance commands were correctly re-
ceived by the spacecraft, changeover was made from the
high gain antenna to the omniantenna, and the midcourse
mancuver execute command was initiated at 08:30:00
GMT. The midcourse mancuver began at 08:57:09 GMT
and terminated at 08:58:17 GMT. The two-way doppler
shift occurred during the maneuver, and the time over
which it occurred indicated that a perfect midcourse
manecuver had been executed. After the maneuver, the
spacecraft, responding to on-board commands, reac-
quired the Sun and then the Earth. Station 12 then sent
the command RTC-3 to switch the spacecraft transmitter
from the omniantenna to the high gain antenna.

Ranger VI was again in a cruise mode proceeding on a
lunar impact trajectory. Subsequent orbital computations
using postmidcourse tracking, indicated that a terminal
mancuver would not be required. At 09:08:00 GMT on
February 2, Station 12 sent the backup command (RTC-7)

Toble 32. Review of key event times

Event Dete GMY Tieme, intorvel
Atlgs livott Jon 30, 1964 15:49:00.09 lovach = L
Sheoud sjockon ) 15:34:15.00 L + 3059
Atlas-A gone soparstion 15:54:18.00 t + 3089
First Agone cutelt 15.57:33.45 L + 5043¢°
Ageng stege parking arbit injection, | 15573200 L+ o2t
Second Agean cutelt ‘ 16:16:47 43 1+ 68836
Premidecourse reforance epech for erbit determinstion, & 16:16:41.00 L+ 1s101*

Fire interfoce connectors (TRIRTY t 4+ wone

Spacecreft separetion from Agene 16:19:23.24 L+

Agene relromensuver cuteh 16:26:0) i1+ mr

Siert menevver turms Jua 31, 1964 08.30.44 L+ Wamun

Sert messvver meter burm 08:58:21 t + 1o

Posimideovrse reforonce opech for orbit determinetion, 00.58: 20 t + o e

Siop menouver meter bure 08:58:1¢ t + 1o og®

inpect Moon Fob 2, 1964 O9:24.31.08° L+ 2y + V3 RLP
“Corraction 8! — 1.29 sox avel tme of Hight hen bosn odted.

1, o AL L i G AT T G e S e R
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to activate the TV subsystem warmup. The TV power
supply (battery) voltage, as determined from telemetry,
did not indicate that the TV was on full power. Two
additional RTC-7 commands were sent to the spacecraft
but failed to turn the TV system on. The Ranger V]im-
pacted the lighted side of the lunar surface at 09:24:31.868
GMT on February 2. Total flight time was 65 hr 35 min
22.768 sec.

B. Generol Information

The DSIF consists of four permanent deep space
tracking stations, a launch station, and a Mobile Tracking
Station (MTS). Each permanent station is equipped with
a paraboloidal antenna 83 ft in diameter mounted for
tracking in hour angle and declination. The MTS is
equipped with a paraboloidal antenna 10 ft in diameter
for tracking in azimuth and elevation. The launch station
is equipped with a manually operated, 6-ft antenna. De-
tailed characteristics of the deep space tracking systems

Table 33. DSIF station locations

employed in the Ranger VI mission have been provided.*
The names and approximate locations of the stations that
provided postinjection tracking data used in the orbital
computations are given in Table 33.

Tuble 34 shows the nominal visibility periods of the
spacecraft to the DSIF stations during the course of the
mission. Rise time is defined as the time that the space-
craft first appears at a 5-deg angle above the station.
Since these are nominal periods, signals may be received
prior to rise time and after set time.

The maodes of operation of the DSIF stations are identi-
fied as ground station tracking modes. A two part code
is used to define the station configuration. The first part
defines the transmit reccive mode, and the second defines
the antenna feed configuration. Table 35 summarizes the
Ranger VI ground modes.

C. Tronsponder Tracking

The DSIF tracked the Ranger VI transponder from
shortly after injection into transfer orbit until lunar im-

B

Latitude, | Longitede pact. Initial acquisition was made by Station 51 at
y dog dog 16:19:44 GMT. January 30. Lunar impact was marked by
n Goldrtone, Colifernia Ben 2432€ an abrupt loss of signal observed by Stations 11 and 12
i} Geldstone, Colifornia BIN 243.2¢
4t Woomere, Avstrolia 148 (> X 7 4 .
‘ i *Jet Propuhion Laboratory, Tracking Instriction Manual No, 332-17,
5 Johonanesburg. South Atrica | 2593 nre Ranger V1 Mision, Volume 1 (EPD-145 Rev. 1), January 6, 19684,
Table 34. Nominal view periods’ vs actual tracking periods ot stotions
Loss of
Neminel Acquisitien Actwsl
Dete Station™ Nosinst Nominel view w i on view
poried station cati poried
ion 30, 1964 n 16:19:19 16:36:24 00*17~06" 16:19:44 16:42:00 00*22™18"
«@ 16:36:22 2:22.23 os"s1~01" 16:33.33 23:53.02 orti19mor
(1} 19:43:20 o7 07.43° 1723733 18:43:28 07:30.51 1o
Jon 31, 1964 n 035:56:356 16:43:42 10°44=46° 035:58:38 17:07:00 nos=22*
i} 055636 16:43:02 10°44™e8* 05:31.21 17:06:50 "=
) 12:48:46 0003:14' e 12:25.00 00:33:00 17°08™00"
L}] 20:13:14 or.26.00' 1n12-se 20:12:20 07:51.04 13878
fob 1, 1904 1] 06:02.33 17:06.41 11'03"en" 04:08:43 17.:25:30 1whirese
12 06:02:53 17:08.41 11'03™48" 03.:37.40 17:25.%0 1"*48=10"
L] 13:08: 21 00.1041* n'o2~20 12:46:10 00:37:20 "5~
L] 20:26:14 07 3000' 11'03"4¢" 20:27:23 07.53.37 1"e™e
Fob 2, 1964 n 08.01:3¢ 092423 oy~ 04:10:38 0924330 03"13"38°
" 06:01:36 09.24.33 orn=r 05,300 09.24.33.148" 03*4s"33
“S00sd on §-409 slovetion engle ot Metien,
“Siution 39 dete Aot wred le erbit gotermingtion; henes, e sutien i net insleded tn teble.
Theters to Hme thet vetien fint heord wworseeh sigael.
301 atcors on duy olter rire. Time of lunor impoet SHiorved B) Wution—net sacracied for sighal feamsl Hee.
L _
S - - S S
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Toble 35. Ground station tracking medes (GM)

Mode’ Transmit/ rocolve Mode’ Food

0. No receiving. Transmitting 0.
only.
One-woy doppler (receiving 1. Hern foed diplener com-
only) binotion {receiving ond
transmitting wp 10 10 kw)
Trocking feed diplaner
combination {receiving ond
fransmitting wp %0 200 w)

Not veed

2. Two-woy, l-station doppler 2.
{tronsmitting /receiving)

. Two-woy, 2-stotion, non- 3. Acquisition estenne
coherent doppler (receiving .
only)

4. Two way, 2-station, coherent 4. Dipole {receiving ond
doppler (receiving only with tronsmitting vp 10 25 w)

reference signal trom
tronsmitter station)

3. Receiving only (no doppler) 5. MHorm feed,. ne dipiener
{receiving enly)
“Eagmple GM 2V; : t ond ing twe-way & wing
o hom feed and ‘-plo-‘t
Netes: 1. ¥ v will be ilable in ol Nving modes eacap! Jere
2. Anguier dete will Nmohbbnlv-&h‘u‘.’
Ref.. JotP Ision Lad won S i Me. 33217, Senger VI

Mission, Yelume ), l!'D ll’&v 1), Janvery 6, 1904

at 09:24:33.143 and 09:24:33.145 GMT, respectively, on
February 2. Note that these are ground station observed
times; that is, they are not corrected for signal transit
time.

Only two-way, one station doppler data were used to
determine the Ranger VI spacecraft orbit. Table 38 is a
summary of the time intervals during which the two-way
doppler was taken. In the Table, the time of transition
from q = 0 to q # 0 is chosen to be the time when the
first valid two-way doppler was received at the trans-

mitting station; the transition from ¢#0 to ¢ =0 is
chosen to be the time of the last valid two-way doppler
point in that interval. For an example of how to interpret
Table 38, consider the first time ¢ = 51 appears in the
left-hand column. From ¢, to r; Station 51 was trans-
mitting; the Station reported guod two-way doppler data
at the time indicated to the right of 51 in the receiving
station column. The time from ¢, to £, was spent in trans-
ferring the transmitting assignment to Station 41.

Table 38 also shows that in some cases no time was
lost in changing from one transmitter to another. This is
the result of a new operational procedure whercby an
attempt is made to transfer transmitters without losing
two-way lock with the spacecraft. The normal method
requires that both stations go to the one-way doppler
mode; then the new transmitting station achieves two-
way lock while the other station goes to the pseudo
two-way mode.

D. Determination of Lunor Impoct Time

The primary evidence of lunar impact by Ranger VI
is the loss of received signal at the ground stations when
the tracking antennas are pointed toward the Moon. Vari-
cus functions related to this signal are continuously re-
corded by the DSIF stations during their respective
tracking periods. Two recording methods are used: mag-

netic tapes and direct-write oscillographs.

Goldstone Stations 11 and 12 were tracking the space-
craft transponder on February 2 when an abrupt loss of
signal occurred at approximately 09:24:33. Figure 30

!
i
§

RECEIVED

I wutl;zo
1
; SIGNAL srnmnzﬁ‘

: i
l PAPER SPEED 100 mm/sec !

2-pps NASA TIME COOEK 4
‘H puny rm—
-4
N—09:24.310 —09.24 320

Fig. 50. Simtion 12 recelver functions just prier to impect
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Teble 36. Twe-way deppler intervels

Recoiving Yime of first Recoiving | Vime of iemt
Trons- ; station and good twe- Trons- statieon end good twe-
pmitter, § Yime ! ground mede | way deppler Somarks Imitter, g Time intecvel grownd mede | way doppler Somorks
GM} dute /GMT GMm) deve /GMY
0 ]leunchte 0 jtulets e he=0
(T = 210402
St (21X L1 s V0 0
— 1641736 = 08”1202
S1{GM22) }I0/16:2007 | rise + 4F° SHIGM I | I/ 10402
0 |rer [ - o 3 0 |tutotn th —the=0
Ty van 7 = 0812702
4 jnrer, 12 [1:%0ta
- 19'08V 0 = 17%25"02°
41(GMm 22 8 23)| 30/16- 4702 12¢Gam 23} | 01/06:32:02
11 {Gm 45) | 01/06:13:02
/] ttot w3
= 1910y 4] tfutotn et =&"
o
5 o
1959702 41 [ret0ta
S1({GM22) |30/19:11:02 = 21%4g™0r
41 {GM 27} ] OV/17:3V 02
0 [ntwon h—h=7"
- 2008702 0 [tmtots =27
=25*85~02" Dwring this peried]
4t [nven both tracking
- 2035702 otions were
41 (GM 22 & 23] 30/20.06:02 having miner
ipment prob-
0 [nten a—h=4~ foms. Station 41
= 2039702 ) wos contiauesly
wonsmitting %
N (3 19 the spececrelt
= os*25702" ut the received
SH(GM22) | 30/20:39:02 doppler wes
— wrbitrarily
0 |tetes, =0 lnbeled bod.
06°25-02°
s ot
12 [tvet: = 06"00™02°
16"02702" 12({GM 21} | 31/06:25:02 S1iGM 2 | 01/23:55:02
11 {GMm 43) 31/09-07:02
[} niets th—ta=0
0 |n:ver. fa—ta =6~ =06"00™02"
~16'08™02"
112 ntofn
4 tatet, = 092433
= 210402 12(GMm 21) | 02/06:00:02
AL (GM 2D 31/16:08-02 11 (GM 45) 02/06:14:02

shows the unfiltered received signal strength recorded at
Station 12 during the last few seconds prior to impact.
This is an example of a direct-write oscillograph record.
High-speed recording rate (100 mm sec) was not used
until shortly before predicted impact. At the time noted
by the arrow, 09:24:33.145 GMT, the transponder signal
was lost. The time associated with the event is derived
from the station secondary standard which is synchro-
nized to WV, This appears as the 2 pps time code trace
in the Figure.

Figure 31 is a playback of the receiver functions re-
corrded on magnetic tape at Station 11 just prior to impact.
It is included to illustrate both types of records from

B L

which impact time was determined. Note that in this
Figure the filtered received signal strength is shown. The
rate of signal strength decay is characteristic of the time
constant of the receiver. The drastic change seen in the
telemetry channels (traces labeled CH2, CH3 and CHE)
is further verification of loss of signal at the time noted
by the arrow. Shown at the bottom of Fig. 51 is the
2 pps NASA time code. It is a binary-coded-decimal time
code recording of days, hours, and minutes, also derived
from the station secondary standard.

The conclusion is that, neglecting signal transit time,
the Ranger VI spacecraft impacted the Moon at
00:24:33.143 +0.02 or —0.03 sec GMT.

n
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Fig. S1. Siation 11 receiver functions just prier to impact
V. ANALYSIS OF ETR TRACKING DATA
A. Introduction and preretrorocket bum; and (3) Postretrorocket burn.

After the first Agena bumout, Bermuda and Antigua
tracked the Agena transponder simultancously. Four min-
utes after the Agena had set at Antigua, the Twin Falls
Victary Ship (TFV) and Ascension Island acquired and
continued tracking for 3'¢ min until set. The last ETR
station to acquire was Pretoria, which tracked the Agens
through the second bumn, spacecraft separation and Agena
retrorocket burn. The orbit analysis was divided into
three segments: (1) Parking orbit; (2) Post second bura

72

Figure 52 illustrates the elevation angles of the various
ETR stations, and the associated spacecraft events.

8. Porking Orbi
1. Bermuda (Station 7) Tracking

Data were received from the NASA Bermuda Station
FPS-18 radar geocentrically located at 321700 deg lati-
tude, 265.3465 deg longitude. Data were received from
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Fig. 52. Rise—set time of the spacecroft ond asseciated events

15:57:42 to 15:59:54 CMT. The maximum elevation and
minimum range occurred at the beginning of the received
data. At closest approach, the range was 845 km. At
spacecraft set, it was 1602 km.

In attempting to fit the data, very small biases in the
angles appeared amounting to about —0.02 deg in both
azimuth and elcvation. The range measurements appeared
to be slightly noisier than for the other stations. This
was due to a 0.9-sec time biasing in the real-time Andigua
data. Upon receipt of corrected Antigua data, which
simultancously corrected the reference crystal oscillator
frequency for all radars from which metric data were
received, a consistent solution resulted (Fig. 53). The

tion location of Bermuda was readjusted in the light

of the new data, and the geocentric coordinates found
are: 32.17025 +0.0004 deg latitude, 295.34705 +0.0007
deg longitude.

2. Antigua (Station 6) Real-Time Data Tracking

Data from the Antigua FPQ-8 radar geocentrically
located at 17.0355 deg latitude, 298.2072 deg longitude,

were received from 15:57:35 to 16:00:47 GMT. These
data were utilized in real time to solve for the parking
orbit. (For a comparison between the real-time orbit, the
orbit reported by ETR, and the fitted orbit see Table 37.)
The maximum elevation was about 7.3 deg, the minimum
range was 848 km, the maximum range when the probe
sct was 1454 km. The data appear to be quite smooth with
no biases.
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3. Antigua (Station 6) High Density Tracking Data

These data were received after the mission—after atten-
tion was called to the fact that the real-time data were
time biased by 900 msec. The high density data sample
was £ pt/sec in contrast to the usual 1 pt;8 sec sample,
and the data were included for a multiple station solu-
tion. The statistics of the data are given in Table 38 and
the residual plots are shown in Fig. 54.
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4. TFV Ship (Station 8) Tracking

Data from the TFV FPS-16 radar was received from
16:05:45 to 16:09:20 GMT. The geocentric location of
the ship was adjusted and found to be: 4.2073438 deg lati-
tude, 332.60007 deg longitude, The ship sample rate was
1 pt/3 sec as contrasted to 1 pt, 8 sec sample rate for the
other radars. Only data above about 4 deg elevation were
reccived. The maximum elevation for the spacecraft
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Table 37. Parking orbit cenditiens

Epech  15°S7731°

by £TR Reol-time orbls Postanslysis orbit
o km 43561 6561.2418 $561.3092
¢, dog 25.250 25.5090048 25.605173
Ao, dog 299.457 20797334 297.1152
Vo, km/sec 7.3 7.3300438 7.3804438
Yo. dog 97 X 10°* $.5452152 X 10 ‘| —0.0156590
0. dog 104.607 103.91322 103.0978
e bm 6571.) 6570.1577 6570.0078
. 22X10° 13647876 X 10* | —1.4975395 X 10
i, deg 28.599 18 568141 28 568309
11, deg 7.0 187.87249 187.8762%
. deg 163.562 119.27617 12533142

“Epech from ETR = 15%57=354 5.

Table 38. Dota statistics

S. Ascension Island Tracking

The pass over Ascension Island was very low (2 deg
maximum elevation), and all the data with the exception
of two points were out of lock, so that these data were
not used in the fit but merely verified the orbit.

C. Tronsfer Orbit

Data received from the FPS-16 radar at Pretoria (Sta-
tion 9) geocentric coordinator —25.7904 deg latitude
28.3550 deg longitude, from 16:23:06 to 16:49:42 CMT
indicated separation into a prerctrorocket orbit and a
postretrorocket orbit. Fifteen points of the preretrorocket
Agena orbit were compared to the spacecraft orbit deter-
mined by the DSIF data and a range bias of 100 m ap-
pearcd. However, 80 m accounts for the spacecraft and
the Agena drifting apart at a nominal rate of 50 cm/sec.
(The data for the Agena were taken 163 sec after spring
separation.) The fifteen points of preretrorocket data
show very little noise. Figure 56 shows, for a short time,
the angular difference between the spacecraft and the
Agena, and Fig 57 shows the residuals from Pretoria of

The postretrorocket orbit, comprising the remainder of
the seventy points to be processed, was used in real time
for the determination of the Agena transfer orbit. It was
noted in the real-time operations that the pulse repetition
rate had been modified, resulting in a small range bias.

Table 39. Transfer orbit conditions

T~

]
H
H
i

; Stand-
Num-
becot | o4 Moon Sompie
points Sow
Porking orbit:
Sermude
Azimuth, dog p 2] 0.00760 0.00240 1 pt/6 sec
Elevation, deg 20 ] 00183 —0.0198 190/6 vec
fonge, » ] [ %)) o477 1 pt/6 sec
Antigue (high
density}
Azimuth, dog 346 0.00493 —0938 X W0* 2 pt/vec
Elevation, deg 7 00171 0720 X 10°° 2 pt/see
Ronge, m 363 | 407 0571 2 pt/vec
™"y
Azimuth, dog 70 | o0osse 0.08 1 /3 sac
Elevation, deg 7 | 000133 | —o00s 19073 sac
Ronge, m 7 |21 —0.678 1173 sec
Preretromonswver
L
from Preterie:
Azimuth, deg 14 0.003518 0147 X W0° | 1pt/6sec
Elevotion, deg s 0.00716 0.149 X 10° ] 190/6 00
Ronge, m 13 | .04 0.0822 1 pt/6 sec
Posirsiromensuver
tronsfer orbit
from Pretoria:
Asimoth, dog 52 | o008 0.548 X 10 | 1 pt/6 sac
Clavation, dog 52 | o0N2s 0.341 X 10 | 1 pt/b e
Renge, @ “w |2 [ R}4] 1976 see

was about 8 deg. The range varied from 879 km at the
closest in the middle of the pass to 1200 km at the ex-
tremes. Random fluctuations in the data were very small.

é Figure 55 shows the residuals in the angles to be blased
about 0.04 deg in azimuth and —0.01 deg in elevation.

q

Epoch = 16" 16™ 41"

DSIF erbit® 'm piredn N TR orbit’
R, km 63473688 6545.00 6563.2108
&, dog — 68772384 -~ 6.8000244 — 69204207
Ao, dog 7.4794263 74769013 73205538
Ve, km/s0c 10.551019 10551146 10.542168
Ya, dog 1.2433507 1.2725383 1.3484279
0. dog naenmn 1M8.9138 118.09797
o, km 37604376 1774.20 29830953
. 0.98254313 0.981846141 0970079
i, dog 28.4930% 28.454388 20.402310
2, dey 187.735066 18773899 18770312
«, dog 192.11948 192.07620 19201192

impect sanditiens
8, tm 472.3738 2977.0008 3317.4258
(A2 (AT 1612.1798 009.09013 —4303.2588
BTV, km —4513 -~ 2047.22'7 L X4 4
e srecersmane oA,
‘Apeas pasiroiromensuvie SrbNN.

n
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This bias was later removed in the postanalysis phase and
the resulting orbit compared to a DSIF orbit in order to
verify the retromaneuver velocity. By comparing the
energy difference between the two orbits, it was deter-
mined that the retromesneuver velocity amounted to
10 m/sec. This maneuver was sufficient to cause a miss
at the Moon of about 4,000 km. Figure 58 shows a plot
of residuals of the postretromaneuver orbit.

The data from ETR were extremely free from noise,
Typical standard deviations for range were approximately

4 m, and for angles about 0.01 deg. The data were used
effectively in the real-time mission to obtain both the
parking orbit and the postretrorocket transfer orbit of
Agena. Table 38 compares the parking orbit determined
by the ETR data during real time with the postflight orbit
obtained from data of various stations. Differences in
the initial conditions as well as differences in the orbital
elements were insirnificant, with the lone exception of «,
the argument of perigee. Because of the small eccen-
tricity,  is not well defined, and the poor determination

of this parameter is to be expected.
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Table 39 summarizes the postflight initial conditions
of classical clements, and impact parameters of three

(Table 38), the uncertainty in B was +4,000 km. The
Agrna postretromancuver was much better determined,

different orbits. They are: spacecraft orbit as determined
by DSIF data, Agena prerctromancuver, and Agena post-
retromancuver orbits as determined by Pretoria. The un-
corrected spacecraft orbit would have missed the Moon
by approximately 800 km. For the Agena prerctromancu-
or orbit, the miss parameter B, indicates an impact;

wever, because of the small amount of duta available

resulting in a miss uncertainty of 247 km in B.

In general, the ETR data were quite uscful for deter-
mining the various orbits in real time and for checking
the DSIF data for possible errors. The ETR data revealed
no large inconsistencies with DSIF stations or with the
ETR stations themselves,
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V1. TRAJECTORY DESCRIPTION

A. Launch Phase

Ranger VI was launched at 15:49:09.09 GMT, January
30, 1964, from the Air Force Eastern Test Range using the
Atlas D-Agena B boost vehicle. After liftoff, the booster
rolled to a launch azimuth of 95.0 deg (East of North)
and performed a programmed pitch maneuver until
booster cutoff. During the sustainer and vernier stages,
adjustments in vehicle attitude and engine cutcf times
were commanded as required by the ground guidance
computer to adjust the altitude and velocity at Atlas
vernier engine cutoff. After Atlas-Agena separation, there
was a short coast period prior to the first ignition of the
Azena engine. At 3 preset value of sensed velodity in-
crease, the Acena engine was cut off. At this time the
Agena and spacecraft combination was coasting in a
nearly circular parking orbit. After a prescribed coast
time in the parking orbit, the Agcna engine was again
ignited. The parking orbit coast time, as determined by
the ground guidance computer, was transmitted to the
Agena during the Atlas vernier stage. The ascent trajec-
tory profile is shown in Fig. 59; a sequence of events from
launch to acquisition of the Earth by the spacecraft is
shown in Fig. 60.

VERWNIER ENGINE
CUTOFF

SUSTAINER
ENGINE
CUTOFF

ALTITUDE, am

o"-_
-

8. Cruise Phase

Injection into lunar orbit (termination of the boost
phase) occurred at 16:16:48.4 CMT, at which time the
Apena and spacecraft were traveling at a speed of 10968
km sec (inertial). The geocentric latitude and longitude
were - 721 and 8.08 deg, respectively, with injection
taking place near the western coast of South Africa. The
Agena and spacecraft separated 2.6 min after injection
occurred. The Agena then performed a programmed 180-
deg vaw maneuver and ignited its retrorocket. The retro-
rocket impulse was designed to eliminate interference
with the spacecraft operation and reduce the chance of
the Agena impacting the Moon. Tracking data indicated
that the Agena missed the Moon by approximately 3630
km on the northem trailing edge.

Within 1 hr after injection, the spacecraft was receding
from the Earth in an almost radial direction with decrcas-
ing speed. This reduced the geocentric angular rate of the
spacecraft (in inertial coordinates) until, at 1.5 hr after
injection, the angular rate of the Earth exceeded that of
the spacecraft. This caused the Earth track of the space-
craft to reverse its direction from increasing to decreasing

SECOND 4AGENA

SECOND 4GENA4
CUTUFF
({INJECTION)

i

seens COAST

ot
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L AUNCH
2 WA ENOINE CUTOFF AND SEPARATION
3 SUSTANER CUYOFS
4 vIRMER CUTOFF
S SHROUD €MECTION
8 AGENA SEPARATION
T FIRSY AGENA 1GWMTION
8 N PARIING ORBIY
$ SECOND AGINA 1IGMTION
10 SECOND AGENA CUTOFF (MaJECTION)
1t SPACECRAFY SEPARATION
12 STARY AGENA RETROMANEUVER
13 COMPLETE 46EAL RETROBANEUVER
18 FIRE AGENA RETROROCKEY
15 SPACECRAFT SUN ACOUISITION
16 SPACECRAFT EARTH ACQUASITION

Y
Py %
N\
1Y

Fig. 60. Sequence of events te Earth acquisitien

Earth longitude (Fig. 61). Plots of the geocentric distance
and speed of the probe as well as the Earth—probe-Sun
(EPS), Sun-probe-Moon (SPM), and Earth-probe-Moon
(EPM) angles versus time launch are presented in Figs.
62 through 64. .

The premidcourse orbit (Appendix D) shows that the
spacecraft would have missed the Moon on the leading
edge, with a closest-approach altitude of 784 km at a
selenographic latitude and longitude of —~9.32 and 19240
deg. respectively. The lunar transit time from injection
was then 64.62 hr. The initial and encounter conditions
for the premidcourse orbit are given in Table 40.

C. Midcourse Maneuver Phase

The midcourse mancuver was calculated to adjust the
trajectory to impact at a selenographic latitude of 8.5 deg
and a selenographic longitude of 21.0 deg, with a flight
time from injection to impact of 65.129 hr. The adjust.
ment of impact time was made to utilize the TV camera
backup tum-on clock as designed. The commanded speed
change was 41.27 m,sec. To properly align the thrust

B e T

direction of the midcourse motor for the maneuver, a
—11.96-deg roll turn and —70.98-deg pitch tum were
commanded. The midcourse motor was ignited at 08:57:09
GMT on January 31, 1964, when the spacecraft was at @
geocentric distance of 170,000 km, traveling with an in-
ertial speed of 1.891 km/sec relative to Earth. At the end
of the 67-sec burn duration of the midcourse motor, the
geocentric distance had increased to 170,125 km and the
inertial speed relative to Earth was reduced to 1852
km  sec. Analog data received at the Goldstone tracking
station and relayed to the JPL Space Flight Operations
Facility gave every indication that the midcourse maneu-
ver was executed exactly as commanded. This was further
verified by the obscrved doppler data, which were essen-
tially the same as those predicted for the maneuver.
Initial and encounter conditions for the postmidcourse
orbit are given in Table 41. The postmidcourse trajectory
printout is presented in Appendix E.

D. Postmidcourse Maneuver Cruise Phase

Following the midcourse maneuver, the spacecraft re-
acquired the Sun and Earth, thus returning to the cruise

g o e e
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Fig. 63. Geocentric inertial speed of prebe vs
time from lounch

mode on its way to lunar impact. About 59 hr after injec-
tion, the spacecraft experienced a minimum inertial veloc-
ity of 1.029 km scc relative to the Earth, indicating that
the spacecraft was being accelerated towards the Moon
by lunar gravity. The Ranger VI transfer trajectory fs
illustrated in Fig. 65. The trace on the lunar surface of
the trajectory from injection to impact is shown in Fig. 66.

TIME FROM LAUNCH, &

Fig. 64. Earth—probe--Sun, Sun-probe-Meon, ond
Earth-probe-Moon angles vs time from lounch

E. Encounter Phase

Ranger VI lunar impact, as determined by accurate
recordings of telemetry signal termination, was at
09:24:31.88 GMT on February 2, 1964. Lunar impact
occurred at a selenocentric latitude and longitude of

9.33 and 21.52 deg, respectively.

The spacecraft descended upon the Moon in a some-
what grazing trajectory with an impact angle of 47 deg
from the vertical. The traces of the final portions of the
premidcourse and postmidcourse trajectories are illus-
trated in Fig. 67. Figures 68 through 72 present Ranger VI
trajectory parameters plotted versus CMT for the lunar
encounter phase.

A study of the Ranger V] trajectory can be made by
examining the detailed trajectory printout presented in
Appendixes D and E. Appendix D contains the trajectory
listing for the premidcourse orbit from the initial epoch
to the midcourse epoch and finally a Junar closest ap-
proach printout. Appendix E contains the trajectory list-
ing for the postmidcourse orbit from midcourse to lunar

N AR e A oo L T AT e S s e
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Table 40. Ranger V! premidcourse manevver
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Table 41. Postmidcourse erbit of Ranger VI

initiet conditions’

Epoch Jonvery 30, 1964; 16:1641.0 GMT
Eorth-fined spherical

] $367.4006 b

* — 69316457 dog

(4 7.4791014 dog

v 10.550845 km /sec

Y 1.2440711 dog

. 118.91900 dog
Inertiol Cartesions

L $103717% ks

y 2292.8608 km

z — 78690994 km

H ~ 37731653 km/sec

y $.9534882 km/sec

—S5.0916144 km /sec

Encounter conditions and miss parameters

Closest opproach February 2, 1964; 08:54.01.6 GMY
Selenocentric ohtitude 78435727 km

Selenecentric lotitude "~ 93212615 dog

Selenocentric longitude 192.39652 dog

Time of Hight from injection 64.62032) ™

] 47744322 ke’

{ 13 of —4505.0348 km

L X 15810057 om

Postmidcourse conditions
Epoach Jonvery 31, 1964; 08.57 09 GMT
Eorth-fined sphericals
[ ] . 170001.25 km
L J —3.60064636 deog
[ 277.07800 dog
v 12.144976 tm/o0c
Y 8.544004S3 dog
. 7102194 dog
taertial Cartesions
z — 169640.40 km
y — 1928639 ka
z — 10676.441 km
x — 18078720 km/sec
F ~0.39522410 km/sac
] 0.10045334 km /s0c
lmpact porametern
Impect epach Febrvory 2, 1964; 09:24.31.94 GMT
Selensceniric latitude 93313754 dog
Selenscentvic longitude 21519691 dog
Time of fight frem injection 45120761 he*
s 28556253 ka**
[ X3 o 7514100 km
[ 1] o —764.41801 &m
Ve varvresiary of 1.6 sex.
1o vacortpiaty of 213 km.

‘BT ond B°R ore referenced o he true luasr squeter (Aspendia C). (Fer
Ronger ¥ work, the true luner oqueter is vied s the referance plese.
..a-o-.-mnmmuc.mmt—s,xuul—&xt.

Peremeter Definition of torms (Canth o3 cantret bedy)

*See Toble 41 for dofinition of torms.
10 uncortainty of 86 sec.
‘10 wacortpinty of 795 om.
"B eT ond B o R ore roforonced o the

Ranger Vi work, he troe luner egueler is vead eu 1he refovence plone. u‘lh.
whit vecter in the lunar nerth direction, then T 1)

encounter. Appendix F, Table F-1 is a key to the trajec-
tory printout. Table F-2 contains the definitions of the
trajectory printed quantities. Constants and conversion
factors used in Ranger VI trajectory computations are
listed in Table F-3. The miss parameter B, used to meas-
ure the miss distance for the lunar trajectory, is defined in
Appendix C.

[ A Vernol equinor Cortesion "5 ine g wbr
equatoricl system. The origin is the center of the
central body. The principol direction (x) Is the
vomoloqmmdondmdd.h “Mp’w

rmn-.mu-,y.uda.mu..
Cortesion components of he probe spece-fined
velecity vecter, ke/see .

[ ] Probe redive dgistance, bn

* Probe geoceniric latitude, dog

[ Probe oot longitude, dog

v Probe Earth-fined velacity, km/see

Y Path angle of the probe Corth-fized velodly vecter
with respect to the locel herizentel, dog

[} Azisvih sngle o e probe Earth-fined velacily vee-
for measvred Fast of true North, dog
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In processing data during postflight analysis it is usually
desirable to compress them. The benefits of data com-
pression are two-fold: first, computer time is significantly
reduced, and second, data noise is reduced, so that char-
acteristics of other error sources are not masked out and
can be observed. Figure A-1 presents a representative plot
of the standard deviation on doppler data taken during the
Ranger VI mission as a function of sample count time for
a portion of one pass over Goldstone, California. The
lower curve in Fig. A-1 indicates the data standard devia-
tion if round off were the only error source, and the mid-
dle curve indicates the data noise from other error sources.

The maximum compression interval that may presently
be ¢mployed is determined by both the number of digits
transmitted intemally in the computer (Ref. 11) and the

‘th derivative of range, which becomes significant when

ere are high accelerations (ie., a few hours at launch
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Fig. A-1. Station 12 postmaneuver pass Ne. 02, dale
standord deviation as a function of count time

and encounter). The maximum compression intesval used
during Ranger VI postflight analysis was 600 sec.

APPENDIX B
Description of Weights Used in ODP

The expression*” used to compute the “effective vari-
ance” o* for weighting a given data point is

d annlnlu
@3 3 sigt Max{l,———

(X%} Tu-lo
where i = basic error source
s A variance of the basic error source
! 3 sensitivity coeficient

Teerrerntion & correlation width, in seconds, of the basic
error source

Teamsie 3 sample spacing, in seconds

. W. Hamilton. "Mariner R ODP-TDEP: A Priorl Weighting
dents,” April 12, 1962 (intemal communication).

and Max a,b means: the larger of the two numbers ¢, b
(Ref. 12).

The error sources for two-way doppler are:

1. Errors due to trajectory eochpuhﬁons caused by
round-off error in the Cowell integrations method.

2. Rounding error caused by the start and stop count
pulses not necessarily occurring at times such that

an integral number of cycles has passed.

3. Transmitter drift arising from an unstable cecillator.
Drift in the voltage controlled oscillator (VCO),
which provides the transmitter reference frequency,
is 1 part in 10" cycles/15 min when not on the rubid.
fum standard and for the rubidium standard VOO
the drift rate is 3 parts in 10" cycles/hr.
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4. Dropped or added cycles which are caused by low
signal to noise ratio where it is possible for the
counter to accept a noise pulse as a cycle count.

5. Variation in refraction correction which is due to
_ differences between the atmospheric model used in
the calculations and that which actually exists.

8. Spacecraft tumbling caused by antenna motion (zero
for Ranger VI).

The physical error sources for hour angle and declina-
tion are:

1. Angle jitter in electrical axes or variations about the
aiming point caused by the antenna drive mecha-
nism.

2. Angle correction variation which is due to systematic
and random variations between the optical and
electrical axes.

3. Readout error caused by the encoder system read-

ing out plus or minus one count where one count
corresponds to about 0.002 deg.

4. Variation in refraction correction which is due to
differences between the atmospheric model which
is used and that which actually exists.

The contribution to the total weight due to spacecraft
tumbling was considered to be zero since the only tum-
bling occurred between injection at 16:16:41 and Sun
acquisition at 16:55:30 GMT. In the postflight analysis
there was only 1 min 40 sec usable data from Station 51,
and 4 min of usable data from Station 41 during this
time span. The tumbling rates before Sun acquisition were
50, —96, and 26 mrad scc in pitch, yaw, and roll,
respectively; and, assuming that the spacecraft orienta-
tion. was such that the yaw had its maximum effect on
doppler, the maximum change in doppler would have
been +0.098 cps. However, analysis of the usable data
taken during the above time span indicated that the effect
on doppler due to tumbling was appreciably less than
0.1 cps (Fig. 3) so that it may be concluded that the space-
craft orientation was such that the tracking stations “saw”
very little spacecraft antenna motion.

During orientation maneuver, prior to firing the mid-
course velocity increment, the change in doppler due to
the pitch turn rate was a maximum of 0.037 cps, and dur-
ing Sun reacquisition the change in doppler due to the
pitch turn rate was a maximum of - 0.047 cps. Each pitch
turm would affect, at most, five 1 min samples with a small
skew bias at the same level as the existing noise (i.e., note

g AT L L n . e T em iy sk e

noise before and during pitch at 08:45:00 Station 12
residual plot (Fig. 2).

When the spacecraft was in the cruise mode maintain-
ing Sun and Earth lock, the maximum change in doppler
due to limit cycle velocity increment was + 0.00088 cps.

Table B-1 shows the functional form of the sensitivity
cocfficients associated with HA, Dec, and two-way dop-
pler. Table B-2 presents values of the sensitivity coefhi-
cient, variance of the error source, correlation width, and
the resulting contribution to the total weight from each
assumed basic error source at two different times along
the trajectory. The first set was computed for a range of
about 55,000 km, and the second set for doppler was com-
puted at a range of about 353,000 km. The second set for
angles was computed just before the midcourse maneuver,
where the range was about 165,000 km. A nominal sample
rate of 60 sec was used to develop Table B-2.

The doppler data type at present requires the use of
two weight codes. One code is used when the tracking
station is not using the rubidium standard for the trans-
mitter frequency voltage controlled oscillator (VCO)y, and
the other code is used when the station is using the rubid-
jum standard (VCO)x which is about three magnitudes
more stable than the (VCO);.

Early in the mission the predominant error sources
affecting doppler are the computing error (error source 1),
oscillator drift (error source 3), dropped or added cycles
(error source 4), and possibly refraction correction (error
source 5), depending on the elevation angle rate. As the
mission progresses, the oscillator drift rate becomes the
sole predominant error source if the station is using
the (VCO)y, but if the station is using (VCO), this error

Table B-1. Sensitivity coefficients, g., for hour angle,
declination and two-way doppler

Erver Semsitivity cootficiont
Source A Dec Twe-way doppler
1 1/¢os (Do) ' ]
2 ' ] .
3 1 ] [
{9 = ). when
» = 400,000 km})
' A Ay A, (Do) ™ LI/ AN
[ [ ° 6400 4, 3**
) ] [ ] ]
*Soe Bt 4

*p. L. c.n, “'Botraction Corractiom,’ Juiy 8, 1940 {intornal sommuniention).
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source contributes a relatively negligible amount to the
total weight. For example, near encounter where the con-
tribution from this error source is a maximum, the error
attributed to oscillator drift rate for the (VCO), is

o' = 0.03756 X 10-¢, and for the (VCO): it is

o* = 375.6 X 10,

For the angular data types (HA, Dec), the predomi-
nant source of error is angle correction variation (error
source 2). Angle jitter may contribute heavily to HA for

declination angles near 270 or 90 deg, but during the
Ranger VI mission the declination ranged between 290
and 2 deg. The contribution due to refraction correction
was relatively small and was essentially cut off for ele-
vation angles greater than 17 deg.

It is felt that the total weight applied to HA, Dec, and
CC3 is on the conservative side and that all ervor sources
which contribute a measurable amount to the total weight
have been taken into account.

APPENDIX C
Definition of the Miss Parometer B

The miss parameter B is used at JPL to measure miss
distances for lunar and interplanetary trajectories and is
described by W. Kizner in Ref. 14. B has the desirable
feature of being very nearly a linear function of changes
in injection conditions.

The osculating conic at closest approach to the target
body is used in defining B. B is the vector from the
target's center of mass perpendicular to the incoming
asymptote. Let S, be a unit vector in the direction of the
incoming asymptote. The orientation of B in the plane
normal to S, is described in terms of two unit vectors R
and T. normal to S,. T is taken parallel to a fixed refer-
ence plane and R completes a right-handed orthogonal
system. Figure C-1 illustrates the situation.

The Ranger VI work has used the orbital plane of the
Moon as the reference plane. If W is a unit vector normal
to the orbital planc (W in direction of Ry X Vy, where
Ry is radius vector to Moon from Earth and Vy is the
space-fixed velocity uf the Moon relative to the Earth's
center), then T = §, X W defines our coordinate system.

TARGE T-CENTERED
NYPERSOLA

Fig. C-1. Definition of BT, B R system
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Ranger VI Premidcourse Trajectory
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APPENDIX F
Tables Related to Trajectory Printout
Table F-1. Ranger VI trajectory key
cotumn
sow ' 2 3 7] s .
1 Gumg ] " ) ”® "t
GROUPA 2 G A [ C ome AU
3 | Gam GMs GMY GMA Gms om
4 EGa MG A [ 79
s ARA Gé MAS K<
INJECTION CONDITIONS TARGEY JULIAN DATE MONTH, DAY, YEAR e min s
GROUPS ¢ GEOCENTRIC x0 Yo 10 oxo pvo pz0
7 CamEsun 10 GHA GHO
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Table F-2. Ranger VI trajectory key definitiens
Grovp A Row é :g Caortesion compenents of the probe redive
Row |  GME Universal gravitational censtont fimes the mass 10 vecter, km
of Eorth, km /sec’ ox0
] Coefficient of the second harmonic in the DVO} Coﬂolm:a m: hw/ of the probe space-fized
Eorth's potential function b10 * ‘ see
" Coetticient of the third hormonic in the
Earth’s potenticl function fow?7 1O Time of injection in seconds past midnight of
o Coeflicient of the Tourth harmonic in the doy before lavach. sec
Earth's potential function GHA HA of Greenwich of injection epach, deg
RE Earth radius vied in the potential function, km GHO HA of Greenwich ot midnight of doy befere
lavnch, deg
REM Conversion factor for converting lunar
ephemerides into km
Grovp C Inertiol position and velocity of the probe,
Sun, Moon and torget body in a geecentric
Row?2 G Universol constant of gravitation, km’/kg sec’ equatoriol system. The principal direction
A X is the vernol equinoa direction of dote
s ‘ Moments of inertia abowt principol axis tor and the principol plane XY is the equatoriol
¢ ( the Moon, hg hm’ plone of date. 2 is olong the direction of
. . the Earth’ & is of dote. Mirceliensous
OME Sidereal rototion rote of the Earth, deg/sec ”w:m:‘ ':‘:;:';M'
AY Astronomicol unit, km
) o ) Row d : Cortesian components of the probe redivs
fow 3 GMm u ol gt times the mess vector, km
of Moon, km /sec” z
ox . -
oM Universol gravitational constant imes the mass oY Cortesion components of the probe spece-fired
of Sun, km /vec’ bz velocity vector, kev/sec
Gmv Universol grovitational constont times the mess
of Venus, tm /rec’ Row® B Probe rodive distence, bm
GMA Universol grovitationot imes the moss DEC Probe declinotion engle, dog
of Mors, km /sec’ [ 7Y Probe right cscomsion engle, dog
Gme Universal geavitational corsiant imes the mess v Probe spoce-lized velocity, km/sec
3
of Eorth-Moon, km /vec PTH Pitch angle of the prebe spece-fized velecity
Gmi Universol gravitotional constent times the moss vector with respect 10 the lacol heriseatol, deg
of Jupiter, km /sec” A2 Azimuth angle of the probe spoce-fized veloc-
ity vecior mecrvred Eoxt of rue North, deg
Rowd EGMm Universal grovitational convtant times the mou Row 10° @ Probe rodius distence. km
of Earth usc4 for scaling ephemeris, km '/sec
LAY Probe geocentric lotitude, dog
MGM Universal gravitationol constont times the mas N
of Moon vied for scoling ephemeris, hm’/sec’ toN tast leng . dog
ve Probe Eorth-tized Wy, km/
n Coefficient of second hormanic in Mars aed velecity. b /oo
potentiol function (413 Piten angle of the probe Certh-fized velecity
vector with respect o the locol herisantol, deg
A Mors redivs wiad in the potentiel tunction AZE Azimoth angle of the probe Eorth.fized veloc-
ity vector mecsured Eust of trve Nerth, deog
Sow$ ARA Frontel arva of spocecreit, ' Sow 11 XS
cs Muttiple ot % of raflected radisnt energy “} Cmuiou::-mdﬁo&-n‘h
MAS Mess of spacecreft, kg ::S
L. X s . Certesion components of the Sun space-fined
$C Selor radistion constont (hg-km/see’) 10 :;:} velocity vecter, km/sec '
Grovp 8 Injection conditions ere vernel equinex Cer- Row 12 XM
fetion cvardinates in & gescentric equaleriel oy Cortesinn componenis of the Meon redice
system. The principal direction R is the m vector, km
vernel equinea direction of date end e
principol plane RY is the egquaieriel plene of oxm
dote. 1 is sieng the diraction of the Borth's oYM Cortorion componeahs o1 the Mesa tpace-faed
win asis of dete. oIMm Yy * e
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Table F-2. Ranger Vi trajectory key definitions (Cont'd) k
Bow 13 XV , ! '
ol } Comucn.mmn of the terget rodivs fow 20 : Cortesion compenenis of the probe redive .
v vector, km veactor, km f
. 2
DIY . .
ovr Cortesian components of the target spoce-fined _ :: Cortesion compenents of the probe space-fised 3
orT velocity vector, km/sec o2 velocity vecior, km/sec
flow 14 &S Sun rodivs distonce, km . ’ .
. ‘ flow 21 INC Incl e orbit plone equaterie! y...
vs Sun spoce-fined velocity, bm/sec M"l::'.?::; the o the "
M Moon rodivs distonce, km .
’ LAN L oicanding node
M Moon spoce-fized velocity, km/sec ongituds of m_ . dog b .
n Targe! rodivs distance, km art Argument of pericanter. dog 3
VT Target spoce-fized velecity, km/sec mx Components of o vait vecter which lies in the
myY orbit plone ond is normel te the redivs .
mI vector R
fow 1S GED Geodetic lotitude of the probe, deg 'Y 3
ALY Altitude of the probe above the Eorth’s serfece, " wx m :
km 3
LOS £ost longitude of the Sun in coordinale system k.
defined in Row 10, deg Row 22 WX l Components of @ wait vactar nermel to the canic
RAS Right atcension of the Sun, deg wy ’ _mxw
RAM Right orcension of the Meen, deg wi Tjax vi
LOM East longitude of the Meon in ceordinote ” . N _
system defined in Row 10, deg " } Cum. of @ wnit vecter ia the direction of
”7 Lotk

16 OUT Ephemeris time minus Universel Time, soc
[-14 Adoms-Moulion step size, sec Row 23 OX Components of o vait vecter perpendicvier to
DR Rodial velecity of prabe, km/sec Qv the periges direction, vecter P, ond being
SHA ‘Sun shadow porometer, km oz in the orbit plone O = W X P
DEs Declination of the Sun, deg . S
DEM Declination of the Meon, deg : Components of the vait vecter &™
Growp O Generol ch intics of the ¢ it conic
Row2s BX ]
n‘ Components of the impect p tor B,” km
Bow 17 SmaA Semimajer sais, km [V .
&CC Eccentricity n
[} Mognitude of the impoct por " ke v } Components of the wait vecter T~
sie Semilotus rectum, km n
APO Apogee distonce, km
aca Mog de of the ¢l P & vecter, km fow?S DAP Declinotion of the ssyap dog
fow 18 VM Hyperbolic excess speed, km/sec aar Right ion of the seymp doy
(& ] Twice the energy (vis vive energy integrel,
tm'/sec) ftew26 810 Projection of the impact p tor 8 wpon
(4] Anguier mementun, ka’/sec the vecter ¥, km
™ Y:Nh-‘po.nc:dov”u'o.o,‘nc 0 100 of the § P
1 Time from inj o p » 9o, br the vector R, ke I
ree Poried, min -
[ ] The megnitude of the impact p hor, km
Rew 19 TA Trve snomely, dog ™A Angle betwaen the paremeter B™ and the
MTA Mozimun trve snomely, dog .mtmmmmtm
[ 7Y Eccontric onomely, dog
MA Maon snomely, dog Growp ? inertiol pesition ond vwelacity of the prebe,
(<] Carth-Moon Jucobi constont, km'/sec’ Sun, Meon, end terget bedy in .‘::lm
m % : . tric equeteriel system. The priac divee.
e from injection, be tien K is the vernel equinea direction of
deute and the principel plone XY is the eque-
Grevp & Characteritties of the Borth conic in the goo- toriel plane of dute. 1 is slong the direction
ceniric oquetoriel systom deicribed vader of the Barth's spin eais of dete. Miscollone
Orevp 8 ovs perometers are ohe lncuded.
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Table F-2. Renger VI trojectery key definitions (Cont’d)

e 27 : } Cortesion compenents of the probe redies
vector, hm
4
D: Cortesian components of the prebs space-fised
o velocity vector, km/sec
oz
Sow2s # Sun—probe rodivs distence, km
LAT Probe celestial declination, deg
iCN Probe celestial right dog
v Probe spoce-fized velocity, km/sec
[40] Pitch angle of the probe spoce-fized velecity
vector with respect 10 the locol herizestel, deg
AL Azimuth angle of the probe spoce-fised vele-
ity vector meoasured Eost of rve North, deg
Gow 29 l': Cortesion components of the Eerth redies
vector, km
{4
::: ‘ Cortesion components of the Earth space-fined
,‘ velocity vecter, km/sec
DIE
So=20 X1 } Cortesion components of the terge? radins
w
vector, km
p 4
oﬁ Cortesion compenants of the torget space-faed
o velocity vector, ha/sec
oy
Sow 31 UTE " Colestiol lotitude of the Earth, deg
10€ Celestiol longitude of the Earth, deg
n Celestiol lotitude of the target, dog
tor Celestiol longitude of the target, dog
asy Sen—torget renge, ke
vst Sun—torget velocity, km/sec
Row 32 EFS Eorth—probe-Sun engle, dog
ESP Eorth—Sun—probe ongle, dog
SEP Sun—Eorth-probe engle, dog
P Eorth—probe—tMesn angle, deg
emP Eorth—Mooa—prebe ongle, deg
[ 14 Moon—Lorth—prebe sngle, deg
Sow 33 MPS Moon—probe—Sun. engle, deg
“sp Moon-Sun-probe engle, deg
Smr Sun—sMesn—probe engle, dog
SEm Sun—Eorth—Mosn engle, dog
(/1] Eorth—Moon—Sun angle, deg
ESm Eorth—Sun—doen angle, dog
Bow 34 EPT Farth-prabe-terget angle, dog

Sun-probe—nser imb of Eorth angle, dog

fow 36

GCE
GCr
sir
crY
SIN
1]

Cloch ongle of Earth, dog

Clack ongle of target, deog

Sun—probe—noar limb of target engle, deg

Conopui—probe—nser limb of lorget engle, deg

Conepur—probe-ancer limb of torget ongle, deg

Bodivs of @ circle [torget) used in consiruction
of visible plonet, csi

fow 37

14
VEP

CreE
crs
02

03

Corh m distonce, km

Velocity of the probe with respect to Torth,
km/s0¢

Conepus—probe—Eorth engle, deg

Conopus-probe—-Sua engle, deg

Semi-miner osis of ellipie vsed in consiruction
of visible plonet, =

D from inter of sifipre with circle
10 the diameter (of the circle) thot is

dicvior 1o D1, in ction of

'cuhlc plonet, ¢

Grovp G
Bow 38,

Wmmdr*mam

Row 40,

-,
@

: omd d: e

w-fined ap
probe, Sun, ond Corth in o selenecentric
equotoriol system. The principol direction X
is in the direction of the meon
l--o lho’nuc-.dplonlvnm-m
iol plone. I is slong
Nd-ndmdhkulwm-un.
Miscolloncous porometers are olio included.

fSow 38

N S

Cartetion compenents of the probe redive
vecter, km

Corterion components of the preobe velecity
vecter, A /vec

Sow 39

R. ;(gg. 2237-1-

Probe radivs distance, bm

Probe dodclinstion engle, dog

Probe right swrsnsion engle, deg

Probe space-fined velecity, km/vec

Pitch ongle of he probe space-fined velecity
wector with respect to the locel harizontel, dog

Azimuth ongle of the probe space-fized velec-
ity vector messured Eont of trve Nerth, deg

fow 40

3sgs”

5

Probe redive distonce, km

Probe selenacentric latitude, dog

Probe oo tric Eoct longitude, dog
Probe sk ic-fined velecity, km/see

Pitch angle of the prebe solensconivic-fized
velecity vecter with respect fo the locel
horizontel, dog

Azimuih ongle of the probe selensconivie.
tined velecity vector messured Bos! of e
Moon’s mean spin anls, deg

P *0iet printed out in funer Mujerteries.
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Toble F-2. Renger VI trajectory key definitions (Cont’d)

Row 41 LTS Selenocentric lotitude of the Sun, dog Row 48 OM Spocecroft nominel terminol menewver first
INS Selenocentric longitude of the Sun, deg . pitch O:n ‘.. ) .
e Selenocentric lotitude of the Earth, deg oy gl you
LNE Selenocentric longitude of the Earth, dog or? Spocecrott seminel terminel
pitch turn,
Row 42 ALY Ahitude of the probe cbove the Meen’s s
surfoce, km Grovp | Charocteristics of the selenocentric conic in the
SHA Sun shodow porometer, km ::«iﬁo‘ “principol plane” coerdinote sys-
-
ale tHyminated ¢ t orientation viewing
ongle, deg Row 49 X . "
oe First lime derivative of the probe redivs v } Cortesion (Jeapstents of the probe redive
distonce, km/sec 4 .
or First time derivative of the probe redivs ox . f
direction, deg/sec oY Codouo;ympo:n::,:‘ﬁnm“o- ined
ASD Angulor semidiometer of Moon o3 seen frem oz
the probe. deg Row S0 INC Inclination of the orbit plane te the equaterial
plone, deg
Row 4) MGE ISQh'mo'miouoltmiamM-h‘ LAN Longitude of the ding nede, dog
lv‘lh-.. deg ) ) APF Argument of pericenter, deg
svi Dnhnoho.nolmtmmmm mx l Com s of © wnit which lies in the
system,” deg my orbit plons end is nermol to the redive
MNG Right oscension of the Meon in preabe coerdi- “Z ( vector .
note system,’ deg ~ -
SiA Earth-probe-Moon ongle minus ASD, deg -: 'xl..
" Chorocteristics of the selenacenivic conic in the fow 51 ;"’: } C"'""'""'"‘“"‘:;:"'"""‘-“
9 i o ol sy dercribed wa- = ———
der Group B encept contered of the Moon. :ll ',"mxvl
Sow 44 SMA Semimejer onis, ke " ‘ deommnhmd
£€eC Eccentrici [ 24 penigee
s The megnitude of the ; » Sl T fow 52 Ol‘. Cumd.u&mw:.a‘i«lub
. Qy the perigee direchon, vecier ond being
:l:o s.--ww.:- oz ( in the oot pgiieive .
Anofoduhue-. - . = pione
°CA Magritude of the ¢k P vecter, bm ay Components of the wnit vecter R™
[ 24
Row 43 VN Hyperbolic excess speed, km/rec ey
. . . Row [
Q. t-:::::::;nvgylvumwm. ot } Comp of 1he impoct p " ke
s u | N
(4] Mw.i- /e ™ ‘ )
T Time from pericenter possoge, sec ™ C 1 of the wnit vecter ¥™
A4 Time from injection to pericenter p g, he n ‘
(84 Linearized time-of-flight, b
Row 34 ::: } (:m: M'uilfoc&&-.l.-'h
Row 4 TA True snomely, dog szt | rection of the incoming asympiete
MTA Marimum trve snsmely, dog oAl Declinstion of the outgoing ssympicle,” deg
EA Eccenivic snomely, dog [ 7N] Righ ion of the ovigeing msymp >
MA Meon ssemely, deog dog
- T 1
(¢ }) !mht.h constont, km'/sec fowSS SXO c . - -
™ Time from injection, he YO o:-n:mm of the wai _vector 8. eleng
uo “ m 4 - L b o
Row 47 24 Angle beh he ing Ssymp ond DAO Declination of the ovigeing esympl . dog
.the Mosa-Eorth vecter, deg RAO Right ascension of the ovigeing ssympiete,™
AP Angle beh the i ing ssymplote end deg
e e BoomSun vecter, o9 - towss erE Angle between the T vecter and the prejection
- & i of the Mesa—Eerth vecter on the R-Y plane,
oer Angle between the 9 ond ovigeing (4] Angle betweon the T vecter ond the projection
esympiotes, dog of the Moon—Sun vecter on the B-T plene,
" Mezi B vector magnitvde lor luner impact, dog
(1) " Angle between the P vecter ond the projection
or Angle bek he ing osymp ond i ol e Moon-Caneput vector o e B-F
projection on the luner erbitel plene. plone, dog

0000 n0ie sreiom o1 Gofiacd wadsr Grovs § Satopt contersd of e prebe.
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Toble £-2. Ranger VI trajectory key definitions (Cont’d)

{

Row 57 81 - Projection of the impoct perameler B°° wpen
the vector ¥, km
: [ ' EE Projection of the impact p ter 8°° wpon
3 the vector R, hm
‘ s The ,“4."“«'4' L"'.-
E THA Angle between the porometer B ond the vecter
¥. mecsured clochwite from ¥, deg
— Growp } Cortesion coordinates ond spech of injection
conditions in the geotentric equotoriol iys-
3 tem described under Group 8.
* Row 58 XOCTAL |

Cortesian components of the probe rodivs vec-

! ;gg;:: 1 101 ot injection in octol represeniation, km
*OCYAl ] Cortetian components of the probs space-fized
YOCTAL velocity vector of injeclion in ocic! repreten-
zocrad f totion, km/sec

. ow 59 Epoch of injection

' L4 Yeors post 1900

3 MM Month

i poO Doy ot menm
HN Hownn
” Mia
$S383 mec

% soCTal Sec in octol represeniction

The time post midnight GMY ea (DD), menth
{(MM) ond yeor (YY + 1900] ot which the
injection epoch is the time & ¢
by the sum of MM, TT, SSSSS, end SOCTAL.

“Primcipol plones: Q Eorth equaterial plane
oy C Ecliptic plone
B O Lunor orbitel plane

L
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APPENDIX G
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APPENDIX |
ODP Format Description

Block No. references are to Appendixes G and H. All
units are in kilometers and seconds unless otherwise

specified.

Block No. 1 Control card input.
Block No. 2 The normal equation cocfficients com-
bined with the a priori matrix.
Block No. 3 Correlation matrix on normal equations.
Block No. 4 Inverse of the a priori covariance matrix
of estimated parameters.
Block No. 5 See the next page of this Appendix for an
explanation of the format.

Block No. 68 Covariance matrix of estimated parame-
ters or inverse of Block No. 4.

Block No. 7 Correlation matrix of estimated parame-
ters.

Block No. 8 Residual page for a particular station

(see next page for format explanation).

The block following the residuals has statistics on the
previous residuals (self explanatory). The sheets follow-
ing the statistics will have more residuals and statistics
from other tracking stations.

The next block is a short printout of the trajectory
based on the converged cstimated parameters and is run
out to lunar encounter (impact or closest approach). (See
Appendix F for explanation.)

Following the trajectory printout is the {7 matrix which
maps the covariance matrix at epoch to mancuver epoch
or encounter. Immediately below the U matrix is the co-
variance matrix on the estimated parameters at impact or
closest approach epoch. This is formed by mapping the
covariance matrix at injection to impact in double pre-
cision.

The sheet following the covariance matrix contains
three blocks. The first block is a covariance matrix N
formed by mapping the upper 8 X 6 matrix of the co-
variance of impact into a new coordinate system (ex-

plained in Appendix C of this Report) (o}, is in hr). The
second block is simply the correlation matrix of the first
block covariance matrix. The third block is a mapping
matrix which maps injection components into the
B-T, B-R, etc., system.

B = The vector measured from the center of the
Moon perpendicular to the incoming asymp-
tote (in kilometers).

B-RO = The B vector dotted on the R axis in km (T
axis in the Moon's orbital plane).

B-TO = The B vector dotted on the R axis in km (T
axis in the Moon’s orbital plane).

B-RT = The B vector dotted on the R axis in km (T
axis in the equatorial plane of the Moon).

B-TT = The B vector dotted on the T axis in km (T
axis in the equatorial plane of the Moon).

TL = Lincarized time of flight in hours.

SMAA = The largest eigenvalue of the upper 2 X 2 of
the N matrix (commonly called the semimajor
axis of a 40% dispersion ellipse in the B
plane).

SMIA = The semiminor axis of the dispersion ellipse or
the other eigenvalue of the upper 2 X 2.

THETA = The orientation angle of the semimajor axis of
the dispersion ellipse measured counterclock-
wise from the T axis.

DEL T = Uncertainty in the time of flight in sec.
DEL B = (N,, + N:.)%, where N's are from the first block
~ of this sheet.

DELS = V_(DELT) the position uncertainty in the
direction of the incoming asymptote, where
V. = hyperbolic excess velocity in km/sec.

TF = Time of flight in hours from initial epoch to
encounter.

Below this is the upper 3 X 3 of the N matrix
rotated with the T axis in the target equatorial
plane rather than in the target orbital plane.
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